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Summary 
 
Phytophthora de Bary species are among the most notorious plant pathogens capable of causing 
large-scale damage to plant communities as well as enormous economic loss in agriculture, 
horticulture, forestry, and natural environments worldwide. Phytophthora cinnamomi Rands is an 
invasive fungus-like pathogen responsible for severe dieback of Eucalyptus trees and other native 
flora around Australia. Disease caused by P. cinnamomi in Victoria apparently declined during 
the long drought in Victoria and became undetectable in several previously infested areas. This 
research project focused on studying the effect of drought (1996 to 2009) and bushfires on the 
presence and survival of P. cinnamomi at such sites. The project focused on identifying any 
possible misidentification or unidentified species among previously collected isolates thought to 
be P. cinnamomi, studying their pathogenicity and the implications of more than Phytophthora 
species on the same host. The project commenced by standardising an efficient method for 
isolation and detection of P. cinnamomi from field-collected samples. 
 
Chapter 2. A study of the effect of fire on Phytophthora cinnamomi is described. Phytophthora 
sampling was conducted at 32 sites in 4 Victorian National Parks: Grampians, Brisbane, Wilsons 
Promontory and Kinglake National Parks. Kinglake National Park had the greatest rate of 
infection at 100% followed by Wilsons Promontory National Park (88%), Brisbane Ranges 
National Park (60%) and lastly the Grampians National Park with (46%). Fire restored disease 
symptoms and detection of P. cinnamomi in previously infested areas but not until at least a year 
after the fire, when plants had re-grown. Even high-intensity fires did not eliminate P. cinnamomi 
from the soil. P. cinnamomi was not detected in samples collected from previously infested sites 
in Kinglake National Park 6 months after the February 2009 fires, but was detected at these sites 
 
when re-tested in September 2010, 18 months after the fire. P. cinnamomi was detected from 
most of the burnt sites in Wilsons Promontory National Park and was also found at some 
previously burnt sites in the Grampians Ranges and Brisbane Ranges National Parks where it had 
ceased to be detectable in the past. Smoke water inhibited the growth of P. cinnamomi and could 
possibly be used as an efficient and economical control measure. 
 
Chapter 3 A study of variation in P. cinnamomi over time and space in Victoria is described. A 
total of 91 cultures including some identified and some suspected to be P. cinnamomi were 
collected from different researchers. The sources included: Ian Smith (School of Forest and 
Ecosystem Science University of Melbourne), Kaija Jordan (University of Melbourne), David 
Cahill (Deakin University Geelong) and Noushka Reiter (RMIT University Melbourne). Isolates 
were maintained on V8 agar and molecular analysis was carried out using (PCR) polymerized 
chain reaction with Phytophthora specific primers A2 and I2 followed by (RFLP) restriction 
fragment length polymorphism with Msp1, Rsa1 and Taq1 restriction enzymes (Drenth et al., 
2006). Phytophthora species such as P. cryptogea Pethybr and Laff, P. gonapodyides (H.E. 
Petersen) Buisman and P. niederhauserii Abad and Abad, and Pythium species: P. undulatum 
H.E. Petersen, P. sterilum Belbahri & Lefort, Pythium sp. UZ 612 and P. helicandrum Drechsler 
were identified among the culture collection. Seventeen out of the ninety-one isolates collected 
(18%) were misidentified as P. cinnamomi.  
 
 
 
 
Chapter 4 Work described here focused on standardising methods of P. cinnamomi detection, 
testing pathogenicity and virulence of fresh isolates from different study sites and historic isolates 
provided by other researchers, and evaluating the effect of more than one Phytophthora species in 
the same plant. Tests comparing the effectiveness of Pimelea ferruginea leaves and Eucalyptus 
sieberi cotyledons as baits to isolate P. cinnamomi from soil samples showed that the baits were 
equally effective in P. cinnamomi isolation. Fragmenting the soil sample into three parts as (1) 
roots and litter, (2) soil only and (3) whole sample with roots, litter and soil in order to test the 
effect on rate of isolation showed that there was no significant difference in isolation of P. 
cinnamomi between the soil samples.  However, pre-moistening and incubation of soil samples at 
28°C for 2 days prior to baiting significantly increased the rate of P. cinnamomi isolation from 
40% to 70% of samples and the number of baits with P. cinnamomi growth on selective medium 
was also greater. Four growth media, (V8 agar, carrot agar, corn meal agar and potato dextrose 
agar) were tested to examine the growth and sporulation of P. cinnamomi. V8 agar and carrot 
agar were the best media for growth and sporulation of P. cinnamomi. Growth rate and 
sporulation of P. cinnamomi isolates differed with locations. 
Pathogenicity and virulence of freshly collected isolates from Brisbane Ranges National Park and 
historic isolates obtained from Ian Smith were studied by inoculating 2-day-old germinated 
lupins with 5-day-old cultures of each isolate and observing lesion spread and root length. 
Freshly collected isolates had a larger proportion of lesion: root and caused significant root 
restriction than historic isolates. Virulence of isolates from a single location (Brisbane Ranges 
National Park) was not significantly different but was significantly different among the historic 
isolates which were collected from different locations. A combination of different Phytophthora 
species including P. cinnamomi, P. cryptogea and P. niederhauseria was inoculated on 
germinated lupins to test the affect of presence of more thane one species on the same host. 
 
Larger lesions and significant root restriction was observed when two different Phytophthora 
species were present in the same host as compared to the presence of any single Phytophthora 
species, suggesting possible increase in disease incidence and pathogenicity if more than one 
Phytophthora species are found in the same location and host. 
In conclusion it can be summarized that P. cinnamomi is still actively present in the studied 
Victorian National Parks and fire or drought along with absence of susceptible host plant would 
only reduce the rate of recovery but not eliminate the pathogen. Future researchers should 
lookout for other Phytophthora species that could be present along with P. cinnamomi. Designing 
a standard method for P. cinnamomi is extremely difficult but method used in this thesis would 
assist in increasing its recovery rate.  
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Chapter 1 
 Introduction   
1.1 Aim of project 
It is well documented that during the 1970s dieback due to Phytophthora cinnamomi in Victoria 
was prominent and devastating (Weste, 1974; Cahill et al., 2008). A decline in disease and rate of 
isolation from the infested sites, along with regeneration of susceptible plants, was observed in 
later years (2000-2003) (Weste, 2003). This raised the following questions that are the focus of 
this thesis. Has the pathogen disappeared? Was it just a part of the disease cycle and is the 
pathogen still virulent enough to cause such an epidemic? How far was the drought responsible 
for this phenomenon? Have the fires in 2006-2009 changed the disease status? With the 
discoveries of new Phytophthora species and advances in molecular biology, is P. cinnamomi 
still the only Phytophthora species at previously infested sites?  
 
1.1.1 Objectives of research 
 To investigate if P. cinnamomi was still present and active at sites previously reported as 
infested by Gretna Weste, following the drought, fire and regeneration in the past decade. 
 To study cultures collected by other researchers and find if all records of P. cinnamomi 
are truly P. cinnamomi or are misidentifications. 
 To evaluate the best method for detection of P. cinnamomi and study the pathogenicity 
and virulence of historic and freshly collected isolates of Phytophthora species from 
Victoria. 
This chapter reviews the literature relevant to these aims and concludes with an outline of these 
research questions and their study in the following chapters. 
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1.2 General introduction 
Of the numerous fungal species known, most are saprophytic and only around 8000 have the 
potential to cause diseases in plants (Schafer, 1994). The Oomycota are currently classified under 
the kingdom Chromista, which also includes brown algae and diatoms (Agrios, 1997; Index 
Fungorum, 2010). The oomycetes comprise many plant pathogens, including aerial and soil 
Phytophthora (causing root rot, late blight, stem canker, shoot blight), Pythium (causing 
damping-off of seedlings, seed decay and root rot) and Plasmopara (responsible for some downy 
mildew diseases) (Daniel, 2001). 
 
Phytophthora species are among the most notorious plant pathogens, capable of causing large-
scale damage to plant communities as well as enormous economic loss (Erwin and Ribeiro, 1996; 
Hansen, 2008). The genus has had an immense effect on plant ecosystems. Phytophthora species 
are pathogens that affect agriculture, horticulture, forestry, and natural environments worldwide 
(Hansen, 2008). There are a number of Phytophthora species affecting agricultural crops and 
forest trees. Those species responsible for disease in agricultural crops rarely cause widespread 
disease in forest plantations due to their inability to survive competition by forest soil micro-
organisms (Hansen, 2008), but those that thrive well under forest conditions are of major 
concern, as they have the potential to cause large scale devastation in a short period of time. Out 
of the many species known and studied, some have left their mark in human history. The great 
Irish Famine during 1845 was partly as a result of potato blight disease caused by P. infestans 
(Woodham, 1962).  This pathogen can ruin potato production and is a potent threat in Europe 
(Fry and Goodwin, 1997; Hansen et al., 2008; Fry, 2008). The aggregated cost for its control and 
the losses that occur is in billions of euros every year worldwide (CIP, 1996; Huub et al., 2008; 
Fry, 2008).  
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In natural environments, P. ramorum was recently identified as the causal agent of sudden oak 
death of many oaks and tanoaks in Californian forests (Hansen, 2008). P. ramorum affects over 
128 species across 77 genera and 42 families including Fagaceae, Ericaceae, Lauraceae and 
Caprifoliaceae (RAPRA 2007a, 2000b, USDA -APHIS 2010). Similarly, Port Orford cedar root 
disease in western North America was caused by P. lateralis (Zobel et al., 1985, Hansen, 2008). 
In Australia massive devastation, particularly in the Jarrah (Eucalyptus marginata) forest in 
Western Australia and eucalyptus vegetation in Victoria by P. cinnamomi are unique in the 
history of Australian plant pathology (Hansen, 2008). Phytophthoras are not true fungi, but for 
expediency and ecological reasoning they are mentioned as fungi in this thesis. 
 
1.3 The pathogen Phytophthora cinnamomi 
The name Phytophthora is derived from the Greek, where ‘phyto’-means plant and-‘phthora’ 
means destroyer and hence describes the action of this pathogen on plants (Zentmyer, 1983). The 
genus Phytophthora was created by Anton de Bary and the first species he described was 
Phytophthora infestans in 1876 (De Bary, 1876). More than 80 species have been identified and 
most are plant pathogens (Pan et al., 1994, Brasier, 2009).  
 
1.3.1 Discovery of Phytophthora cinnamomi 
 The fungus was first discovered in 1922 by R. D. Rands in the mountains of Western Sumatra on 
cinnamon trees (Cinnamomum burmanni). It was also described as the cause of stripe canker of 
Cinnamomum burmanni in Burma (Rands, 1922; Hardham, 2005). Within Australia P. 
cinnamomi is the most widely reported species of Phytophthora, with over 2000 host species 
(Shearer et al. 2004). The pathogen is reported as non-specific and affects a number of plant 
species in agriculture, horticulture and forest ecosystems of Australia (Newhook and Podger, 
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1972; Marks and Smith, 1991; Weste, 1991; Hardham, 2005; Cahill et al., 2008).  It is 
responsible for heart rot in pineapple (Mehrlich, 1934, Botanic Gardens Trust (DECCW, NSW, 
2010), collar and root rot of Kiwi fruit Actinidia deliciosa (Latorre, et al., 1991; Stewart and 
Mccarrison, 1991), root rot of conifer and hardwood trees (Benson et al., 2006; Hansen and 
Sutton, 2009), root rot of rhododendron species (Benson and Campbell, 1985; Davidson et al., 
2003), root rot of chestnut (Washington, 1983; Brasier, 2008) and root rot disease of jarrah 
(Eucalyptus marginata) in Western Australia and vegetation dieback in Victoria (Shea et al., 
1983; Cahill et al., 2008). P. cinnamomi is reported to be the only pathogen to have a worldwide 
impact on a large number of host plants (Zentmyer, 1980; Brasier, 2008).   
 
1.3.2 Morphology and Life cycle 
P. cinnamomi is a facultative pathogen belonging to the kingdom Chromista; phylum Oomycota; 
order Peronosporales; family Peronosporaceae and genus Phytophthora (Hardham 2005; Index 
Fungorum, 2010). Barr (1992) and Hardham (2005) proposed that even though there are many 
structural and biochemical differences between Oomycetes and true fungi, Phytophthora species 
were mostly considered as the ‘union of fungi’ due to their fungus-like hyphae and their manner 
of acquiring nutrition. Morphologically it has a white fluffy growth (fig. 1.1), and has cellulose 
walls; coenocytic hyphae; nonpapillate, internally proliferating ellipsoid sporangia; distinctive 
coralloid hyphal swellings (fig. 1.2-A); and predominantly terminal chlamydospores (fig. 1.2-B) 
(Waterhouse, 1963; Zentmyer, 1980; Marks and Smith, 1991; Weste, 1991). Identification of P. 
cinnamomi solely based on the morphological characters is limited due to its morphological 
plasticity (Cooke et al., 2000; Hardham, 2005), but distinct coralloid hyphae and abundant hyphal 
swellings help to differentiate P. cinnamomi from the other Phytophthora species (Erwin and 
Ribeiro, 1996). 
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Figure 1.1 Growth of Phytophthora cinnamomi on V8-juice agar (vegetable juice agar) and 
PDA (potato dextrose agar) 
   
 
 
 
 
V8 Agar PDA 
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Figure 1.2-A Coralloid hyphae of Phytophthora cinnamomi. Bar = 50 µm 
Figure 1.2-B Hyphal swellings and chlamydospores of Phytophthora cinnamomi. Bar = 50 µm  
 
B 
 A 
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The non-septate hyphae constitute the vegetative stage and have numerous terminal spherical 
structures (chlamydospores) (Erwin and Ribeiro, 1996). Reproduction in P. cinnamomi occurs in 
two ways (fig. 1.3): asexual and sexual. Zentmyer (1983) studied the P. cinnamomi life cycle and 
said it was complicated because of the manner in which the fungus thrives in the soil. Lopez-
Herrera and Perez-Jimenez (1995) revealed the heterothallic nature of the fungus in their study on 
the morphology of P. cinnamomi isolates from avocado orchards in the coastal area of southern 
Spain.  
 
Figure 1.3 Life cycle of Phytophthora cinnamomi reprinted from Hardham (2001) 
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In asexual reproduction the fungal mycelium produces sporangia (fig. 1.4A) in which the asexual 
zoospores (fig. 1.4B). The shape of sporangia is variable; they can be ovoid, ellipsoid, 
limoniform or obpyriform (Gerrettson-Cornell, 1983).  Sporangia are produced under favourable 
conditions such as the presence of abundant nutrients and flooding (Gisi et al., 1980). The release 
of zoospores (fig. 1.4B) from sporangia also happens under optimum temperature 10-18°C, pH 
4.5-7.2, and high soil metric potential conditions -25mb  (Benson, 1984). These motile zoospores 
in water act as the source of primary inoculum and the disease is spread along the path of the 
water (Weste and Ruppin, 1975). Each sporangium, which is about 50-70 µm in length, on 
maturity produces around 20 to 30 zoospores; these zoospores are each <10 µm and can move up 
to 25-35 mm in water with the help of the two flagella (Hardham, 2005, Duniway, 1976). The 
chlamydospores are the most common and resistant form of survival for P. cinnamomi (Weste 
and Vithanage, 1978a). They are usually thin-walled, globose and around 31-50 µm diameter 
(Erwin and Ribeiro, 1996). Chlamydospores can appear in clusters or individually on the 
mycelium but are found in all isolates of P. cinnamomi (Gerrettson-Cornell, 1983; Erwin and 
Ribeiro, 1996).  
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Figure 1.4-A Phytophthora cinnamomi sporangium attached to the mycelium at 50 µm 
magnification. Figure 1.4-B Phytophthora cinnamomi zoospores with two flagella at 1 µm. 
(Hardham, 2005). Figure 1.4-C Thin walled chlamydospore at 40 µm Figure 1.4-D Thick walled 
oospore at 40 µm (McCarren, 2005) 
 
 
 
 
 
 
A B 
C D 
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In sexual reproduction oospores (fig. 1.4D) are produced as a result of mating.  P. cinnamomi is 
heterothallic and requires the presence of both A1 and A2 mating strains in order to produce 
oospores (Galindo and Zentmyer, 1964; Linde et al., 2001). The oospores are formed in an 
oogonium after fertilisation with a compatible antheridium (Elliot, 1983). The antheridia are 19 x 
17 µm and the oogonia are 21-58 µm in diameter (Erwin and Ribeiro, 1996). The antheridia are 
hyaline, amphigynous and sometimes bicellular, whereas the oogonium is transparent to    
yellow- brown, round with smooth walls and can have a tapered base (Erwin and Ribeiro, 1996). 
The thick-walled oospores are also round, almost transparent to yellow-brown and about 19-45 
µm in diameter (Erwin and Ribeiro 1996). Out of the two strains, A2 is found more frequently 
and is more widely distributed (Zentmyer, 1980, Linde et al., 2001). Brasier (1992) reported that 
self-fertilization in a single mating type of P. cinnamomi is possible in the presence of the fungus 
Trichoderma viride or factors like colony aging and the presence of avocado root extract in the 
soil. Some A2 strains produce oospores in Acacia pulchella by self-fertilization without the 
presence of T. viride (Jayasekera et al., 2007). In southern Australia, the A2 mating type is 
predominant and more commonly found whereas there the A1 mating type is commonly found in 
Queensland, Tasmania, Australian Capital Territory and Western Australia (Gadek, 1998). The 
A2 strains are also considered to be the more virulent mating type (Gadek, 1998).  Although 
possible and proven, the production of oospores in the soil is limited by comparison with 
chlamydospores, which means that asexual reproduction is the most common means of 
reproduction in P. cinnamomi in southern Australia (Dobrowolski et al., 2003). With the use of 
microsatellite markers Dobrowolski et al. (2002, 2003) reported that non-Mendelian inheritance 
does occur in P. cinnamomi, suggesting frequent mitotic recombination within clonal lineages is 
possible.   
 
 11 
 
1.3.3 Process of Infection  
Infection can be started as a result of any of the earlier mentioned spores, but the zoospores are 
considered the main source of primary inoculum, probably because they are produced rapidly in 
large numbers (Weste and Vithanage, 1978b; Duniway, 1983).  
 
Figure 1.5 Infection cycle of the pathogen Phytophthora cinnamomi modified from 
Hardham (2001) 
 
The zoospores are chemically attracted to the roots of susceptible host plants by the presence of 
different sugars, amino acids, alcohols, and phenolic compounds in the rhizosphere  (Carlile, 
1983; Morris and Ward, 1992; Cahill and Hardham, 1994; Hardham, 2001; Hardham, 2005). The 
movement of zoospores is facilitated by the presence of two flagella that help in the movement of 
the zoospores towards the site in infection (Duniway, 1983; Hardham, 2005). Cahill et al. (1996) 
reported that the mastigonemes present on the anterior flagellum (fig. 1.5) help in the forward 
movement and the posterior flagellum acts like a rudder to navigate the spore. The chemotaxis of 
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Phytophthora zoospores helps the spores in settling at a favourable location for infection, like the 
elongated root zone (Hinch et al.,1985; Hardham, 2001) at the anticlinal walls of root epidermal 
cells (fig- 1.6A) (Hardham, 2001). The zoospore adjusts such that its ventral side comes in 
contact with the root before encystment (Hardham and Gubler, 1990). Dearnaley et al. (1996) 
reported the formation of mastigonemes and three types of spherical vesicles (dorsal, ventral and 
peripheral vesicles) in the cytoplasm of zoospores. Within a couple of minutes of encystment, the 
contents released from the dorsal vesicle form a mucilage-like coating over the cyst, helping it to 
adhere to the root surface (Gubler and Hardham, 1989). At the same time, the contents of the 
ventral vesicle form a pad-like structure between the spore and the root (Hardham and Gubler, 
1990). Later the peripheral vesicles rupture initiating the formation of cell walls (Grant, 1986) 
and within 5-10 minutes of encystment a cell wall is formed (Hardham, 2001; Hardham, 2005).  
In about 30 minutes after encystment the zoospore develops into a mature cyst (fig. 1.6A), which 
germinates to form a germ tube. The germ tube penetrates the host root either at the anticlinal 
wall between the epidermal cells or directly through the periclinal walls (fig. 1.6B) (Hardham, 
2005). A number of enzymes are produced at this stage to overcome the host defence and 
facilitate the penetration into the root (Hardham, 2005). Once inside the root surface, the germ 
tube is sealed off at the plant surface (Enkerli et al., 1997; Hardham, 2001) and the fungus starts 
spreading intercellularly or intracellularly in the form of mycelium (Cahill et al., 1989; Cordier et 
al., 1996; Enkerli et al., 1997; Widmer et al., 1998; Hardham, 2001).  
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Figure 1.6-A Phytophthora cinnamomi cysts sticking to the surface of an onion root. 
Figure 1.6-B Cryoscanning electron micrograph of two cysts of Phytophthora cinnamomi 
germinating and piercing through the epidermis of an alfalfa root. The appressorium-like 
structure can be observed at the penetration point. Scale, Bars represent 10 µm magnifications 
(Hardham, 2005). 
 
 The root thus is infected, colonised and the fungus acquires its nutrients from the host plant for 
its growth and sporulation. In 2 to 3 days multinucleate sporangia form on the surface of the root 
and zoospores are released. This cycle is repeated many times, resulting in rapid increase of 
inoculum in an infested area (Tippett et al., 1976; Ho and Zentmyer, 1977; Malajczuk et al., 
1977; Weste, 1983; Hardham, 2001; Hardham, 2005).  
 
Under unfavourable conditions, P. cinnamomi hibernates as chlamydospores and mycelium in the 
soil and symptomless plant materials (Zentmyer and Mircetich, 1966; Kong et al., 2003; 
Hardham, 2005; McCarren et al., 2005). Weste and Vithanage (1979) suggested that 
chlamydospores can survive in non-sterile soil with standing high metric potentials devoid of any 
plant material for nearly 8 months. The fungus is more likely to survive at lower soil depth where 
there is more moisture and fewer antagonistic microbes (Shearer and Shea, 1987).   
 
 
  
A B 
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1.3.4 Symptoms and Dieback 
 
 P. cinnamomi is a root rot pathogen. Diseased plants show typical root rot symptoms such as 
rotting of feeder roots, enlargement of lesions in the larger roots and formation of stem cankers 
(Zentmyer, 1980; Hardham, 2005). In a eucalyptus forest the susceptible understorey plants are 
usually the first to show the symptoms (fig.1.7A) (Laidlaw and Wilson, 2003). The supply of 
nutrients and water is restricted in the infected plant (Wilson et al., 2000). As the disease 
progresses, the plant shows signs of dieback, including leaf chlorosis (fig. 1.7B) and wilting (fig. 
1.7C) (Zentmyer, 1980; Erwin and Ribeiro, 1996). The death of the plant can be sudden or 
gradual; it also depends on the prevailing environmental conditions (Zentmyer, 1980; Erwin and 
Ribeiro, 1996). Anon (1969) states that the fungus is considered to induce rotting of fibrous 
roots, leading to a decline in plant vigour and ultimately plant death. Pratt and Heather (1973) 
observed that the general symptoms of disease associated with the presence of P. cinnamomi 
include leaf yellowing, shedding of leaves without replacement, microphylly, epicormic shooting, 
stunting and loss of fine branches. The disease first appears in the upper crown but later extends 
throughout the plant and to the larger branches and finally results in mortality. Fine roots appear 
rotten, particularly at the tips. P. cinnamomi often causes dieback of young shoots and is thought 
to do so as a result of interference with transpiration from roots to shoots (Hardham, 2005) and 
reduction in cytokinins (Cahill et al., 1986). Rodriguez et al. (2005) studied the seasonal and 
spatial mortality patterns of holm oak seedlings in a reforested soil infested with P. cinnamomi 
and observed that mortality was highest during summer, and they also concluded that mortality 
followed a spatially aggregated pattern in the reforestation plot, suggesting a clustered 
distribution of the inoculum in the soil. Even though it is fairly easy to recognize a P. cinnamomi-
infected plant by its symptoms, it is also possible that some plants may be infected without 
showing any symptoms (Pryce et al., 2002).  McDougall et al. (2001) demonstrated that species 
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like Acacia urophylla, Boronia fastigiata, Corymbia calophylla, Hovea chorizemifolia and 
Kennedia coccinea did host P. cinnamomi but showed no symptoms of infection, indicating that 
the species were resistant to infection but could act as secondary hosts by harbouring pathogen 
inoculum. Some plants like Amphipogon amphipogonoides, Clematis pubescens, Macrozamia 
riedlei and Pentapeltis peltigera displayed symptoms but P. cinnamomi could not be isolated 
from them. Johnston et al. (2004) stated that due to the moderate climatic conditions in New 
Zealand, the symptoms of infection in native plants are hardly noticed in the plant parts above the 
ground, although susceptible plants do display the effect after a long-term infection.  
    
 
 
  
 
 
Figure 1.7 Symptoms of Phytophthora cinnamomi infection on different hosts Figure 1.7-A 
Dying Xanthorrhoea australis showing signs of infection and wilting at Wilsons Promontory 
National Park Figure 1.7-B Eucalyptus plant showing symptoms of leaf chlorosis at Kinglake 
National Park Figure 1.7-C Dying tea tree (Leptospermum sp.) at Brisbane Ranges National Park 
Figure 1.7-D An infested area showing diseased Xanthorrhoea australis at Brisbane Ranges 
National Park 
A B 
C D 
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1.3.5 Host range of Phytophthora cinnamomi 
P. cinnamomi is said to have a very wide host range including agricultural and horticultural 
crops, and forest plants (Zentmyer, 1983; Ferraris et al., 2004; Hardham, 2007). Within Australia 
P. cinnamomi has been recorded on nearly 1467 plant species, about 5% of the vascular flora, 
suggesting that the impact on the other 95% is unknown (McDougall, 2005). Native Australian 
plant species belonging to the families Proteaceae, Epacridaceae, Fabaceae, and Myrtaceae are 
more susceptible to P. cinnamomi infection than others (Dept. of Conservation and Land 
Management W.A. 2003; Cahill et al., 2008). Eucalyptus species like E. marginata, E. sieberi, E. 
regnans, E. oblique, E. globoidea and E. muellerana from around Australia are susceptible to P. 
cinnamomi (Podger, 1972; Dudzinski et al., 1993; Cahill et al., 2008). Many native genera like 
Banksia, Sprengelia and Xanthorrhoea are susceptible hosts (Podger, 1989; Shearer et al., 1988; 
Shearer and Crane, 2003). Many studies have been carried out in the past by different researchers 
in different states of Australia. In Western Australia (WA) alone, 96% of the plants belonging to 
the Proteaceae are highly susceptible to P. cinnamomi (Wills and Keighery, 1994). Shearer et al. 
(2004) state that over 2000 plant species are susceptible and about 800 are highly susceptible to 
P. cinnamomi in the WA region. In 2001 McDougall et al. confirmed susceptibility of 13 new 
species in the Jarrah forest, which were previously not known to be susceptible to P. cinnamomi. 
Species like Telopea speciosissima and Wollemia nobilis are at risk due to P. cinnamomi in NSW 
(Bullok et al., 2000; McDougall and Summerell 2003). The presence of P. cinnamomi in 
Tasmania threatens the survival of rare and high conservation value species (Podger and Brown 
1989; Barker and Wardlaw, 1995). It is feared that the pathogen may affect around 3000 plant 
species including more than 2500 Australian native plant species (Hardham, 2005). Apart from 
Australia, P. cinnamomi also infects many coniferous species in New Zealand, USA and England 
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(Chee and Neewhook, 1965a; Manning and Crossan, 1966). It is responsible for causing root rot 
in almond, cherry, avocado and olive (Erwin and Ribeiro, 1996). A susceptible, species may not 
be susceptible throughout the whole region, as variation in susceptibility has been observed at 
different locations. For example, Hibbertia hypericoides is highly susceptible in the Swan Costal 
Plains of W.A. but infection on the same species in Jarrah forest is rare (Shearer and Dillon, 
1996). McCredie et al. (1985) observed that east coast Banksia species were less susceptible to P. 
cinnamomi infection than west coast Banksias species. Intraspecific resistance is also one factor 
responsible for variation in susceptibility. McDougall et al. (2007) reported differences in 
susceptibility among a population of E. marginata trees and this has helped in rejuvenating 
infested regions in Jarrah forest in WA (Stukely et al., 2007a).   
 
1.3.6 Site susceptibility to Phytophthora cinnamomi infection 
Site susceptibility is also a key factor that determines the onset and spread of disease. Factors like 
rainfall, topography and soil type determine the vulnerability of the place to P. cinnamomi 
infestation. Sites receiving more than 600 mm of rainfall are at a greater risk (O’Gara et al., 
2005), but some regions of Queensland, NSW and  WA  that receive between 400-600 mm 
rainfall annually, also have infestation (Cahill et al., 2008). McDougall (1997) stated that P. 
cinnamomi was more frequently found in loamy soil in the drainage valleys than in gravels on the 
slopes of jarrah forest. Moreira and Martins (2005) also reported that recovery of P. cinnamomi 
was more frequent in shallow soils (leptosols and complex leptosols and luvisols) and that soil 
with low fertility and low mineral nutrient levels, particularly phosphorus, seemed to favour 
infection. Fertility of the soil is recognised as a key factor in the susceptibility of plant species 
growing in that region. Shearer and Crane (2003) demonstrated that death of Banksia baxteri was 
less on fertile loamy soil than on non-fertile sandy soil in Fitzgerald River National Park in WA. 
 18 
E. marginata, which is susceptible to P. cinnamomi, is commonly found in the loamy drainage 
valleys in jarrah forest, which suggests that soil fertility would be responsible for its tolerance 
against P. cinnamomi infection (Mc Dougall et al., 2007; Cahill et al., 2008). Soils with higher 
amounts of organic matter and antagonistic microbes are better able to withstand infestation 
(Sochacki, 1982; Cahill et al., 2008). Niewand et al. (1995) stated that soils which are less fertile, 
poorly drained and have less organic matter are more likely to show disease in vegetation.    
 
 
1.4 World distribution 
P. cinnamomi now has a world-wide distribution (table 1.1, fig. 1.8). It has been recorded at least 
once in every continent except Antarctica and on crops as well as dominant forest trees (table 
1.2). The earliest recorded of suspected infection seems to have been in 1824, in the 
Appalachians Mountains in the USA. It seems to have spread in Europe by 1900, to Africa and 
Australia by 1929 and to Southeast Asia by (table 1.1). 
 
1.4.1 Introduction pathways  
P. cinnamomi is believed to have been introduced into Europe in the 18th century (Brasier, 1999; 
Marie-Laure and Desprez-Loustau, 2006), possibly from Papua New Guinea (Brasier, 1999; 
Hardham, 2005). Linde et al. (1997) suggested that the P. cinnamomi population introduced into 
South Africa was similar to the Australian population (Goodwin, 1997). P. cinnamomi is thought 
to have spread from Southeast Asia and South Africa to America in the 18th century (Zentmyer, 
1988).The first description of P. cinnamomi in the United States was in 1930, on rhododendron in 
New Jersey (Zentmyer, 1985).  It is thought to have spread to Hawaii by the first Pacific islanders 
(Hansen, 2003). Though the exact time and manner of introduction of P. cinnamomi in Mexico is 
not known, transportation of infected Mangifera indica (Mango) plants is thought to be 
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responsible (Balic et al., 2007). It was probably introduced into New Zealand by Polynesians 
settling from the Pacific (Mathews, 1985; Ogden et al., 1998; Johnston et al., 2004). 
Table 1.1 Distribution of Phytophthora cinnamomi around the world (earliest records) 
World Distribution Host Date Reference 
EUROPE    
France  Red oak (Quercus rubra)  1900-
1950 
Moreau and Moreau, 
1952 
Italy, France, Iberia,  Chestnut (Castanea sativa) 1900-
1950 
Moreau and Moreau, 
1952; Peace, 1962; 
Brasier et al., 1993 
England, France, 
Spain 
Chestnut (Castanea sativa)  Vettraino et al. 2005 
U.K.  Chestnut  Vannini and 
Vettraino, 2001; 
Fonseca  et al., 2004 
Portugal and Spain  Holm oak trees  
(Quercus ilex)  
and Cork oak (Q. suber) 
1991 Brasier et al., 1993; 
Tuset et al., 1996; 
Robin et al., 2001, 
Vannini and 
Vettraino, 2001;  
Portugal Maquis species Around 
1991 
Robin et al., 1998 
USA    
 New Jersey Rhododendron sp. 1930 Zentmyer 1985 
California Avocado crop  Menge, 1998 
Southern 
Appalachians region 
(Kentucky, West 
Virginai, Virginai, 
Tennessee, North 
Carolina, 
Pennsylvania,) 
American chestnut, 
(Castanea sp.) 
1948 Hansen, 2003; 
Rhoades et al., 2003 
South-eastern Coastal 
Plain (Florida, 
Alabama, South 
Carolina, Georgia )  
Short leaf pine (Pinus 
echinata) 
1948 Hansen, 2003 
Foothills of Sierra 
Nevada (USA) 
Arctostaphylos myrtifolia and 
A. viscida 
1942 Swiecki et al., 2003 
South Carolina and 
Texas 
Christmas tree (Abies fraseri) 
and Oak 
 Hansen, 2003  
Hawaii Metrosideros colina  Hansen, 2003; 
Indiana, Maryland, 
Ohio, Pennsylvania, 
West Virginia 
Quercus alba, Q. coccinea  
Q. montana Q. rubra  
Q. velutina 
 Balic et al., 2007 
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Table 1.1 Continued ……. 
World Distribution Host Date Reference 
Mexico     
Colima, Guanajuato, 
Jalisco, Nayarit and 
Aguascalientes 
Native Oak species 1987 Tainter et al., 2000; 
Hansen, 2003; 
Alvarado-Rosales et 
al., 2007 
Africa    
South Africa, Cape and 
Transvaal regions 
Eucalyptus, Pines, 
Avocado, Fynbos 
vegetation 
1931 Wager, 1931; von 
Broembsen, and 
Kruger, 1985; Linde 
et al., 1997;1999 
Australia    
VIC, NSW, WA, 
Queensland, Tasmania, 
Northern Territory.  
Proteaceae, Epacridaceae, 
Fabaceae and Myrtaceae  
1929-1965 Podger, 1968; 
Cahill, et al., 2008 
New Zealand    
Auckland Province, 
Nelson, and Westland 
Pinus radiata, Agathis 
australis, Nothofagus sp. 
1957 Newhook, 1960; 
Hepting and 
Newhook, 1962; 
Johnston et al., 2004 
China    
Jiangsu Province Robinia pseudoacacia  Ho (2002) 
 
 
2
1
 
 
  
WA, NSW, VIC, 
Queensland 
Jiangsu 
Province 
China 
U.K. 
New Zealand 
Southern 
Appalachians 
Region 
Portugal & 
 Spain 
South-eastern 
Coastal Plain 
California and 
Foothills of Sierra 
Nevada  
Italy, France 
And Iberia 
Cape and Transvaal 
region 
South 
Africa 
China 
Australia 
Europe 
USA 
Papua New 
Guinea 
Colima, 
Guanajuato, 
Jalisco, Nayarit 
and 
Aguascalientes 
Mexico 
Hawaii 
Indiana, 
Maryland, Ohio, 
Pennsylvania, 
West Virginia 
Figure 1.8 Map showing presence of Phytophthora cinnamomi around the globe. 
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1.5 The impact of Phytophthora cinnamomi on natural Australian ecosystems  
The ability of P. cinnamomi to cause large scale devastation of plant communities has been 
documented by many well known researchers. This statement made by Weste and Mark in (1987) 
sums up the effect P. cinnamomi has had on Australian ecosystems: 
“There are no comparable records in the history of plant pathology of a pathogen invading 
native forest and destroying whole natural plant communities on the scale observed in 
Australia.”  
Such has been its effect that it has been officially recognized as a “Key Threatening Process” 
under the Commonwealth Environmental Protection and Biodiversity 
Conservation Act 1999. (Environment Australia, 2001) 
(http://www.austlii.edu.au/au/legis/cth/consol_act/eapbca1999588/). 
 
As P. cinnamomi has a wide range of hosts, it is a risk to Australian native plants and ecosystems. 
Associated industries like forestry and mining are also affected by it. The best example of its 
effect on the forestry is the jarrah dieback in Western Australia. The economic risk the timber 
industry faces due to death of susceptible tree species like E. marginata is in millions of dollars 
(Cahill, 1993; Gadek, 1998). Apart from economic losses, natural biodiversity in the flora and 
fauna is lost due to the presence of P. cinnamomi in bushland including natural reserves. The 
animals and birds that depend on native plants for their food are equally affected by the death of 
susceptible plants (Laidlaw et al., 1989; Wills, 1993; Wilson et al., 1994). The loss of 
understorey species like X. australis in NSW E. sieberi forest affects mammal species like smoky 
mouse (Pseudomys fumeus) and the southern brown bandicoot (Isoodon obesulus) that depend on 
this understorey plant for shelter and food (McDougall & Summerell, 2002).  P. cinnamomi 
infested areas in Western Australia have been quarantined in order to restrict the spread of 
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infection. Some rare and endangered plant species like Pimelea pagaphila, Pultenaea subalpina, 
Asterolasia phebalioides and Borya mirabilis are at a risk of extinction due to P. cinnamomi 
infection (Reiter et al., 2004). All these factors affect the tourism industry.  
 
Phytophthora spp. are some of Australia's most serious plant pathogens, causing well in excess of 
$200 million in lost production annually across all plant-based industries (Irwin et al. 1995; 
Hardham, 2003). Out of more than 80 species of Phytophthora recorded worldwide, over 20 are 
present in Australia (Irwin et al., 1995; Shearer et al., 2004; Brasier, 2009). Ornamental plant 
species like camellias, azaleas, proteas and rhododendrons are susceptible to P. cinnamomi 
infection (Erwin and Ribeiro, 1996). The fruit-growing industry loses many millions of dollars 
each year due to the susceptibility of crops like apricot, grapevine, kiwi fruit, peach, pineapple, 
avocado, chestnut, walnut and macadamia nut to P. cinnamomi (Cahill, 1993; Erwin and Ribeiro, 
1996).  
 
Pryce and co workers in (2002) stated the disturbing effect of P. cinnamomi on native flora and 
fauna of Victoria, Western Australia, South Australia, Queensland and Tasmania. Wills (1993) 
highlighted the serious ecological impact of P. cinnamomi on native plant communities in the 
Stirling Ranges National Park in WA, and suggested that significant components of the flora and 
associated fauna of the southwest of Western Australia are endangered by this aggressive 
pathogen. The studies of Shearer et al. (2004) revealed that, of the 5710 plant species described 
in South-West botanical province, Western Australia, 2284 were susceptible and 800 species 
were highly susceptible to P. cinnamomi. P. cinnamomi infestation in the jarrah forest, where 
bauxite mining also occurs, causes a problem in management of the disease for the industry 
(Colquhoun, 2000; Colquhoun and Hardy, 2000).  
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In Victoria, Weste (1974) reported that during the past 30 years P. cinnamomi has invaded moist 
foothills, forests, healthy woodlands, heathlands and swamps in Victoria causing, 45% of deaths 
of stringy bark eucalypts and 50-70% of the understorey species in sites within the Grampians, 
Brisbane Ranges and Wilsons Promontory National Parks. Peters and Weste (1997) reported that 
of the six rare native tree and shrub species in the Brisbane Ranges, Victoria, Grevillea 
chrysophaea and Pultenaea graveolens were highly susceptible compared to Eucalyptus 
yarraensis, Olearia pannosa, Prostanthera decussata and Rhagodia parabolica which were 
severely to moderately susceptible.  
 
 
1.6 History of Phytophthora cinnamomi in Australia, its invasion and spread 
P. cinnamomi is thought to have originated from Southeast Asia (Zentmyer, 1988; Bergot et al. 
2004), possibly from possibly from Papua New Guinea (Hardham, 2005).  Tryon (1904) initially 
reported an epidemic of top rot and wilt disease of pineapple in Queensland during 1887-1892, 
but it was only  in 1929 that Simmonds isolated the pathogen, which was later identified as P. 
cinnamomi by Ashby in 1930 (Newhook and Podger, 1972 Gadek, 1998). This is one of the 
earliest known records of P. cinnamomi in Australia (Newhook and Podger, 1972).  
 
The question of whether P. cinnamomi was introduced or was endemic in Australia was under 
debate during the 1970’s. Shepherd (1975) suggested that P. cinnamomi was an endemic 
pathogen that had entered Australia millions of years ago from the Papua New Guinea-Celebes 
region. He believed that disturbance in the P. cinnamomi-infested region by European settlement 
resulted in the epidemic in Australia. The fact that pineapple was introduced in Queensland after 
the 1830s (Newhook and Podger, 1972; Gadek, 1998) and it was only in the later years (1887 -
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1892) that the epidemic occurred suggests that it possibly was introduced later with planting 
material (Tryon, 1904; Gadek, 1998).  
It is believed that P. cinnamomi was introduced into Australian and New-Zealand regions 
because of: 
1. Lack of resistance in the dominant Eucalyptus trees and shrubs such as Banksia.  
2. Distinct boundaries between infested and healthy areas in the forest. 
3. Rapid advances in the disease front (Podger et al., 1965). 
4. Lack of genetic variation among the A1 and A2 strains of Australian isolates as compared 
to the greater variation in Papua New Guinea isolates (Old et al., 1984; Dobrowolski et 
al., 2003). 
5. Restricted distribution of the pathogen in Australia. 
6. The lack of natural selection for disease resistance in the native species in diseased areas. 
7. The increase in random distribution of the fungus throughout the country (Newhook and   
Podger, 1972; Marks and Smith, 1991). 
8. Variation in resistance in species within one region; for example Pimelea pagaphila and 
Pultenaea subalpine were highly susceptible, whereas Borya mirabilis and Asterolasia 
phebalioides were moderately susceptible and Hibbertia humifusa was field-resistant 
(Reiter et al. 2004). 
 
 
 
 
 
 26 
P. cinnamomi is reported to affect a vast majority of plant communities, including open forests, 
heathlands and woodlands in southern Australia, moorland and rainforests in Tasmania, 
heathland and rainforest in Queensland as well as the northern sand plains of Western Australia 
(Podger and Ashton, 1970; Newhook and Podger, 1972; Weste, 1994; Reiter, 2002; Cahill et al., 
2008). O’Gara et al. (2005) suggest the pathogen has been an existing threat around the nation 
that is now nearly in its second century.  
 
P. cinnamomi being a tropical pathogen its optimum temperature for growth and sporulation is 
around 26°C. Activity and infection of the plant by the pathogen are favoured by heavy rains in 
late spring and summer, which are likely to saturate the soil when soil temperatures are above the 
minimum required 15°C (Duncan and Keane, 1996). Along with factors like, the presence of host 
plants, a conducive environment and virulent pathogen, rainfall is one key element necessary for 
establishment and spread of P. cinnamomi (O’Gara et al., 2005a; Summerell et al., 2005). 
Hansen (2003) stated that one infected seedling per hectare would be enough to start an epidemic 
in inclined areas after heavy rains. The risk from P. cinnamomi is reduced in undisturbed areas 
which receive less than 600 mm annual rainfall, and are north of 30º S latitude (O’Gara et al., 
2005b)  Based on this, the areas susceptible to P. cinnamomi can be separated into three different 
climatic zones (fig 1.9) (Wilson et al., 2005).  
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1. Areas in Southern Western Australia, South Australia, and Southern Victoria, which have 
a Mediterranean climate with annual rainfall of more than 600 mm 
2. Areas with irregular rainfall and temperate and lower elevations like coastal plain and 
foothills between Wilsons Promontory and the southern part of the border area between 
Victoria and NSW receiving over 600 mm rainfall  
3. Coastal areas of Tasmania that receive winter rain in excess of 600 mm and have a marine 
climate.  
 
In figure 1.9 the areas with darker green shading indicate regions receiving above 600 mm of 
average rainfall and considered highly conducive for P. cinnamomi establishment. The lighter 
green shaded areas receive 400- 600 mm of rainfall and are less vulnerable to P. cinnamomi 
establishment. The unshaded area receives less than 400 mm of average rainfall. Orange shaded 
areas in Tasmania and NSW indicated where the maximum average temperature is less than 
12°C, which is not conducive to P. cinnamomi growth (Wilson et al., 2005).  
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Figure 1.9 Map indicating the distribution of Phytophthora cinnamomi around Australia in reference to rainfall. Data provided by: WA: Podger (1999), WWF, DCC (2004); 
SA: BDBSA (2005); Tasmania: Peters et al. (1998); Victoria: Gibson et al. (2002); NSW: McDougall (unpublished data), Summerell (unpublished data), Pratt and Heather (1973), 
McDougall and Summerell (2003); Queensland: (Brisbane) O.Dwyer et al. (1999); Queensland: (Noosa/Coolum region)  Pegg and Alcorn (1972), Pratt et al. (1973); Queensland: (Wet 
Tropics) . Data obtained under license and copyright from the Cooperative Research Centre for Tropical Rainforest Ecology and Management; NT. Weste (1983). Fig and data reprinted 
from O’Gara et al. (2005b).  
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1.6.1 Phytophthora cinnamomi in New South Wales (NSW) 
In New South Wales, P. cinnamomi was first associated with plant deaths in the 1940s 
(Environment Australia, 2001; Daniel et al., 2006). The survey report for the Sydney 
Metropolitan Catchment Management Authority (SMCMA) (Suddaby, 2008) suggests that in the 
past 60 years P. cinnamomi has spread in NSW and has been detected from vegetation in 
Barrington Tops National Park, Jervis Bay, Royal National Park and Sydney Harbour National 
Park (Suddaby and Liew, 2008; Suddaby, 2008). Daniel et al. (2006) found P. cinnamomi around 
Sydney Harbour and warned of the effect it could have on the 199 native and endangered plant 
species there. In recent years P. cinnamomi has also been detected at Ben Boyd, Gibraltar Range, 
Mount Imlay, Mummel Gulf, Murramarang, Oxley Wild Rivers, South East Forests, Werrikimbe, 
Lane Cove, Garrigal and Wollemi National Parks (McDougall and Summerell, 2003; DEH, 2006; 
Daniel et al., 2006).  In NSW there is variation in the susceptibility of certain plant species, and 
certain plant species show the symptoms of infection only under continuous periods of high 
rainfall (Wilson et al., 2005) For example, E. baxteri, which is highly susceptible in 
Victoria, does not show signs of infection in infested places in NSW (Cahill et al., 2008). Due to 
this mysterious nature of P. cinnamomi in NSW (McDougall and Summerell 2003; DEH, 2006; 
DECC, 2008), McDougall and Summerell (2003) suggest areas should be declared free of P. 
cinnamomi only if the pathogen has not been found on that site, rather than depending on 
geographical and climatic assessment. 
 
P. cinnamomi causes a significant amount of destruction in the eastern part of NSW, but is not as 
widespread and devastating in other parts of NSW as in other Australian states like Western 
Australia and Victoria (McDougall and Summerell, 2003; NSW.DECC 2008). Species like 
Telopea speciosissima (waratah) and Wollemia nobilis (Wollemi pine) in NSW are at risk due to             
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P. cinnamomi (McDougall and Summerell, 2003; Cahill et al., 2008). Vegetation changes due to 
P. cinnamomi in NSW include dominance of understorey herb species like Lomandar 
confertifolia and Tetrarrhena juncea in E. sieberi forest at Mount Imlay National Park 
(McDougall and Summerell 2002) and replacement of shrubs in alpine vegetation by Poa 
sieberiana in the Barrington Tops National Park (McDougall and Summerell 2003; Cahill et al., 
2008). Loss of other species like Acacia terminalis, Banksia serrata, Daviesia wyattiana, 
Pultenaea daphnoides, Epacris impressa and Tetratheca subaphylla has also been observed due 
to P. cinnamomi (McDougall and Summerell, 2003; Cahill et al., 2008). The death of susceptible 
understorey also affects the habitat of mammals like smoky mouse and brown bandicoot thriving 
in that environment (McDougall and Summerell, 2002; DECC, 2008). The recovery and 
management of endangered infected Wollemi pine itself was estimated to cost about $1.3 million 
(NSW. DECC, 2006; DECC, 2008). 
 
1.6.2 Phytophthora cinnamomi in Queensland (QLD) 
The first definite record of P. cinnamomi in Queensland dates back to 1929, it was then recorded 
as Phytophthora sp. responsible for top rot of pineapple (Simmonds, 1929). From 1952 -1960 a 
large number of plant species, including Carica papaya, Lupinus digitatus, Pinus elliottii, Pinus 
radiata, Persea americana, Passiflora edulis were recorded as being infected (Simmonds, 1966). 
Over the years P. cinnamomi has been recorded at various places in Queensland, e.g. from native 
vegetation in southeast coastal heathland (Pegg and Alcorn 1972) and at Bingil Bay, Kennedy, 
Ravenshoe, and Tumoulin (Pratt and Heather, 1973), from rainforest at Dalrymple Heights on the 
Eungella Tableland and in the Graarwalt area northwest of Ingham (Brown 1976). P. cinnamomi 
was the reason for tree death in the notophyll vine rainforest region around Tully Falls in 
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northern Queensland (Pryce et al., 2002). Dieback due to P. cinnamomi at Mt Lewis, Mt Bartle 
and Mt Bellenden Ker in far North Queensland was also reported by Worboys in 2006.  
 
A soil survey carried out by the Queensland Department of Forestry between 1976 and 1982 
showed that several Phytophthoras species (P. heveae, P. palmivora, P. nicotianae var. 
nicotianae, P. nicotianae var. parasitica, P. meadii, P. katsurae, P. drechsleri, P. cryptogea, P. 
citricola, P. boehmeriae and P. cinnamomi) were present in the tropical rainforest but none was 
more evident than P. cinnamomi, although P. heveae was widely distributed throughout the 
tropical rain forests of Queensland (Brown, 1999). Both A1 and A2 mating types of P. 
cinnamomi were found in tropical rainforest, with A2 being more widely distributed and 
frequently isolated (Brown, 1999). The level of risk due to P. cinnamomi in coastal Queensland 
and Eastern NSW is hard to know because of the cryptic (fungus can be isolated but the disease 
expression is low) nature of disease expression in these areas (DEH, 2006). 
 
1.6.3 Phytophthora cinnamomi in Western Australia (WA) 
The first reports of dieback symptoms like those caused by P. cinnamomi  on E. marginata 
disease were in the 1920s but measures to stop further spread were not brought into action until 
P. cinnamomi was recognised as the cause of the disease in 1960 (Podger, 1968).  In WA, P. 
cinnamomi is actively present in the coastal area between Eneabba and Cape Arid, and has also 
recently been found in the Kimberley region (Cahill et al., 2008). Jarrah dieback in Western 
Australia is one of the major diseases caused by P. cinnamomi (Shearer and Dillon, 1995). Of the 
2000 indigenous plant species present in WA, about 2000 are recorded as susceptible to P. 
cinnamomi (Wills, 1993; Shearer and Dillon, 1995). It is estimated that about 36% of the plant 
species in the Stirling Ranges National Park is susceptible to P. cinnamomi, of which 10% is 
 32 
highly susceptible (Shearer et al., 2004). Nearly half of the area is thought to be infested by P. 
cinnamomi (Wills, 1993; Barrett, 1996; Grant and Barrett, 2003; Shearer et al., 2007). According 
to CALM (2003), 60% of shrubland, Banksia woodland and mallee woodland in the Stirling 
Ranges National Park and 70% of the Shannon and D’Entrecasteaux National Parks are also 
affected by P. cinnamomi.  Although P. cinnamomi has been regularly isolated and considered as 
the main pathogen causing jarrah dieback (Shearer and Tippett, 1989), other species such as P. 
citricola, P. cryptogea, P. megasperma (Bellgard et al., 2001; Hansen, 2001), P. nicotianae 
(Shearer et al., 1987a, 1988) and recently P. boehmeriae (D’Souza et al., 1997) have also been 
isolated from the jarrah forest. A new species, P. multivora, was recently isolated from E. 
marginata, Agonis flexuosa and Banksia attenuata in the Yalgorup area of WA (Scott et al., 
2009). Species such as P. multivora, P. inundata, P. elongate, P. arenaria, P. constricta and 
many others previously unidentified were detected at P. cinnamomi infested sites in WA 
(Burgess et al. 2009; Rea et al., 2010; Rea et al., 2011).  
In Western Australia, P. cinnamomi tends to be more destructive in the areas with a 
Mediterranean climate receiving in excess of 600 mm rainfall per annum, which include jarrah 
forest, banksia woodlands and heathlands in the southwest of Western Australia (Hardy et al., 
2001; CALM, 2003). The areas of the South West Land Division and those areas in the north-
west and south-east divisions that have an average annual rainfall of above 400 mm and in which 
susceptible endemic plants grow in environmental conditions favouring establishment and growth 
of P. cinnamomi are considered vulnerable to P. cinnamomi (CALM, 2003). CALM developed a 
flow chart to assist in determining how much an area was at risk of P. cinnamomi infection. Kinal 
and et al. (1993) recorded that P. cinnamomi in south-western Western Australia could be spread 
by subsurface running water from infested areas like jarrah dieback sites. McDougall et al. 
(2001) carried out pathogenicity tests with P. cinnamomi on 25 perennial species from the jarrah 
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forest and reported infection on 13 of 17 species not previously known to be susceptible. 
Phytophthora dieback in WA is seen as a major threat not only to biodiversity and but also to 
wood-based and extractive industries (CALM, 2003). The loss due to Phytophthora in 1993 was 
estimated to be $1.2 million and $500,000 in the horticulture and floriculture industries 
respectively (CALM 2003). A dieback management plan for the Fitzgerald River National Park 
was estimated to cost about $3 million (Dunne et al., 2010).  
 
1.6.4 Phytophthora cinnamomi in South Australia (SA) 
The first report of P. cinnamomi in SA was at Mount Lofty Ranges (Botanic Garden properties, 
Blackwood) in the 1970s (Davison, 1972; Lee and Wicks, 1977; Department of the Environment 
and Heritage SA, 2004). It was later detected near Adelaide in Cleland Conservation Park from 
E. baxteri, E. obliqua, Pultenaea involuctrata, Acacia myrtifolia, B. marginata, Epacris 
impressa, Tetratheca pilosa and Leucopogon virgatus (Wicks, 1973; Lee and Wicks, 1977; 
Cahill et al., 2008) and at the Fleurieu Peninsula (Boat Harbour Creek Reserve) from 
Xanthorrhoea semiplana, Isopogon ceratophyllus, B. marginata and Pultenaea involucrata (Lee 
and Wicks, 1977; Cahill et al., 2008). Susceptible plants such as Xanthorrhoea semiplana, 
Banksia marginata, and Isopogon ceratophyllus were recorded as infected with P. cinnamomi 
during 1976 in the pine forest at Kuitpo in the Adelaide hills in South Australia (Bumbieris and 
Boardman, 1979). Bumbieris (1981) found that one-third of Pinus radiata (the main exotic 
plantation timber tree) died when re-planted in a P. cinnamomi infested area, and this also 
resulted in an increase in soil inoculum of P. cinnamomi.  During the 1970s P. cinnamomi was 
recorded in the Yorke Peninsula and in the south-east region (PTG, 2003; Cahill et al., 2008).  In 
1993 P. cinnamomi was found in the vegetation at Kangaroo Island (Vickery, 1997; Department 
of the Environment and Heritage SA, 2004) and is thought to be a threat to endemic species such 
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as Adenanthos macropodiana, Grevillea quinquenervis, Grevillea rogersii, Petrophile multisecta 
and Pultenaea triffida (Vickery, 1997; Cahill et al., 2008).  It is believed to have spread with the 
movement of infested soil and plant materials (Department of the Environment and Heritage SA, 
2004). The area of vegetation affected exceeds many tens of thousands of hectares (Environment 
Australia, 2001). Any site in SA that receives >500 mm of annual rainfall and has susceptible 
plants growing on neutral to acidic soils is vulnerable to P. cinnamomi (PTG, 2003).  
 
1.6.5 Phytophthora cinnamomi in Tasmania (Tas) 
European settlement is considered the reason for the spread of P. cinnamomi to Tasmania. The 
first report of disease later shown to be caused by P. cinnamomi in Tasmania was from a Hobart 
garden in 1956 (Rudman, 2005). In the 1970s the fungus was recovered by soil baiting from 
temperate rainforest and observed to be widespread across Tasmania (Pratt and Heather, 1973). 
P. cinnamomi was found infecting 39 indigenous plant species growing in the cool temperate 
rainforest of Tasmania (Podger and Brown, 1989). Shrubs and herbaceous plants of Tasmania 
belonging to the families Dilleniaceae, Epacridaceae, Fabaceae, Proteaceae and Rutaceae are 
susceptible (Rudman, 2005). Native vegetation growing in 12 different areas was identified by 
Podger et al. (1990b) as susceptible to P. cinnamomi infection. It affects buttongrass moorland 
coastal heathlands, Banksia serrata woodland, E. nitida forest in the north-west, E. amygdalina 
woodlands (Schahinger et al., 2003; Cahill et al., 2008) and understorey dry sclerophyll forest in 
Western Tasmania (Schahinger et al., 2003; Rudman, 2005). Excluding the Central Highlands 
and the central and south Midlands (Podger et al., 1990a), P. cinnamomi is extensively scattered 
around Tasmania including Teepookana Plateau (Podger et al., 1990a; Podger et al., 1990b), 
Cape Barren Island and Clark Island (Schahinger et al., 2003) and is distributed along roadways 
from the Lyell highway through Derwent Bridge to Queenstown (Parks and Wildlife, 2004).  The 
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near eradication of Agastachys odorata, B. marginata and Blandfordia punicea from the infested 
buttongrass moorland site was attributed to their susceptibility to P. cinnamomi (Brown et al., 
2002; Cahill et al., 2008). Keith (1997) demonstrated the alarming rate (20% per year) of decline 
in endangered heath species such as Epacris barbata and E. limbata. Schahinger et al. (2003) 
recorded several endemic Tasmanian species including Acacia axillaris, Conospermum hookeri, 
Xanthorrhoea arenaria, X. bracteata, Tetratheca gunnii, Hakea ulicina, and Hibbertia calycina 
as being at risk due to P. cinnamomi. 
 
1.6.6 Phytophthora cinnamomi in Victoria (VIC) 
According to Pratt et al. (1973) the earliest record of P. cinnamomi in Victoria is that of Dr Isabel 
C. Cookson who in 1929 isolated the fungus from diseased walnut (Juglans regia) but was 
unable to pinpoint its identity, Cookson (1929) described it as P. parasitica, but it was later re-
identified as P. cinnamomi (Pratt et al., 1973; McLennan et al., 1973). In 1930, planting material 
for bat willow was obtained from Britain by a Mr Crocket and planted in a Werribee farm. In 
1935, the trees started showing signs of wilting, bark splitting and oozing of sap and investigation 
revealed P. cinnamomi to be the causal pathogen (Pratt and Shepherd, 1973). Weste (2003) 
reported that infection of native vegetation by P. cinnamomi in Victoria was initially recorded in 
1970 in the Brisbane Ranges, in 1971 at Wilsons Promontory and in 1974 in the Grampians. 
Signs of P. cinnamomi infection in the Great Otway National Park were initially observed in 
1972 and are still prevalent throughout the area (Aberton et al., 2001; Laidlaw and Wilson, 2003; 
2006; Annett, 2008). A large area of vegetation, measuring hundreds of thousands of hectares, is 
now affected by P. cinnamomi in Victoria (Environment Australia, 2001). 
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Areas from the west of the state across to Wilsons Promontory and other areas like coastal plains, 
foothills between Wilsons Promontory in the southern part of Victoria and the NSW border 
which have average rainfall above 600 mm and spring and autumn temperatures conducive to 
infection are under threat by P. cinnamomi (CALM 2003). 
 
Between 1970 and 1972, Victoria experienced peculiar weather conditions such as very high 
rainfall during the summer, dry autumns and moderate wet winters; this led to the rapid 
expansion in disease fronts in the Brisbane Ranges, Grampians, Kinglake, East Gippsland, and 
Wilsons Promontory National Park (Tregonning and Fagg, 1984) because of the presence of 
conducive environment of high rainfall and temperatures. Although the rate of  spread decreased 
after that period (Tregonning and Fagg, 1984), new outbreaks were reported in several natural 
reserves such as Point Nepean National Park (Mornington Peninsula), Lorne Angahook Forest 
(Eastern Otways), Boola Boola State Forest (Central Highlands) and in the Croajingalong and at 
Lower Glenelg National Parks (Weste, 1994). P. cinnamomi was also found in natural vegetation 
at Lysterfield Park and in the Blackwood Ranges (Weste, 1974) affecting a mixed forest of 
Messmate (E. obliqua) and Peppermint (E. radiata) at Narbethong (Weste and Ruppin, 1977). 
Aberton (2002) showed the presence of P. cinnamomi in national parks across Victoria (fig. 
1.10). A review conducted by the Centre for Environmental Management, University of Ballarat 
(2002) (fig. 1.11) found it was likely that P. cinnamomi would occur in about 60% of Victoria, 
including parks. Out of the 85 Victorian parks assessed, P. cinnamomi was detected from 30 
Parks, (15 National Parks, 9 State Parks and 6 other parks); 59 parks had some areas considered 
at high risk, and 37 parks had more then 50% of their area in the high risk category. Parks with 
high risk areas are marked in figure 1.11. Increases in the occurrence of wet and warm weather at 
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the same time will result in new and active out breaks of P. cinnamomi (Chakraborty et al., 1998; 
Weste et al., 2002). Although overall rainfall in Victoria is suggested to decrease due to climate 
change, increase in summer rainfall is predicted for Victoria and this would favour P. cinnamomi 
infection and spread (Clinton and Barnett, 2008). 
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Figure 1.10 Map showing areas infested by Phytophthora cinnamomi in Victoria (Aberton, 2002) the red 
areas on the map indicates infestation in that area and does not mean, whole area is infested. 
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Figure 1.11 Map showing level of Phytophthora cinnamomi risk in Victorian National Parks (NP) and State (SP) parks 
(University of Ballarat (2002) http://www.parkweb.vic.gov.au/resources/15_1968.pdf) 
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1.6.6.1 Phytophthora cinnamomi in Brisbane Ranges National Park   
The Brisbane Ranges is located about 80 km west of Melbourne, latitude 37°52'49"S, longitude 
144°15'44"E (BOM, 2010) and is spread across 7718 ha. More than 600 plant species and over 
170 bird species are found in the park and it is considered a rich habitat for wildflowers (Boon et 
al., 2008; Victoria, 2009). The average annual rainfall at Anakie is 622.4 mm (BOM, 2010 
station no. 088060). The presence of P. cinnamomi in the Brisbane Ranges was initially noted by 
Podger and Ashton (1970) and then the spread of the pathogen in the national park was estimated 
by Weste and Taylor (1971). Between 1980 and 1981, Weste and Dawson mapped the whole area 
for distribution of P. cinnamomi and plant species that were susceptible (fig. 1.12). The pathogen 
had spread from just 1% of the surveyed area in 1971 (Weste and Taylor, 1971) to 31% of the 
surveyed area by 1980 (Dawson and Weste, 1985). The reason for spread was the movement of 
infested gravel for road construction and the runoff water flowing from these sites (Weste and 
Dawson, 1985; Burgman and Lindenmayer, 1998; New, 2000).  Susceptible plants such as X. 
australis were the key indicators of the disease spread (Weste and Dawson, 1985).  
 
The invasion by P. cinnamomi has changed the appearance of the forest by destroying the 
understorey and converting it from a dry sclerophyll forest to open woodland (Weste et al., 
1973). Reduction in the population of susceptible plant species resulted in the dominance of 
resistant plant species such as grasses and sedges to cover the area (Weste and Marks, 1987). In 
1981, Weste observed the first signs of regeneration of some susceptible plant species suggesting 
a possible decrease in population or pathogenicity of P. cinnamomi (Weste, 1986). By 1998, 
there were stronger signs of regeneration of susceptible species like X. australis at previously 
infested sites and reduction in the isolation of the pathogen from soil samples (Weste et al., 
1999). Walchhuetter (2002) reported a decline in population and spread of P. cinnamomi in the 
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national park from 1997- 1999. By 2003 P. cinnamomi could not be detected at some of the 
previously infested sites (Weste, 2003). The decrease in the pathogen inoculum was linked to an 
increase in antagonism by other organisms, loss of food (host roots) to P. cinnamomi and 
conducive environmental factors such as rainfall, soil temperature and moisture (Weste and 
Ruppin, 1975; Walchhuetter, 2002; Weste, 2003). Even in the absence of susceptible plant 
species, the pathogen can still persist in roots of field-resistant species (sedges, rushes, tea tree 
etc.) and act as a source of inoculum for new outbreaks and further spread if the conditions 
become favourable for the pathogen and if susceptible host plant are present (Phillips and Weste, 
1984; Walchhuetter, 2002; Weste et al., 2002; Weste, 2003). Previous studies have shown that 
regeneration of susceptible host plants can lead to new outbreaks of dieback (Weste, 1986). 
Weste (2003) isolated P. cinnamomi from young regenerating X. australis plants at three sites in 
Brisbane Ranges National Park. Walchhuetter (2002) showed that the isolates collected from 
recently infested areas in Brisbane Ranges were more virulent then those collected from 
previously infested regenerating sites. P. cinnamomi isolates grew faster when cultured on agar 
made from roots of X. australis growing in uninfested areas than on agar made from roots of X. 
australis growing in regenerating sites (Walchhuetter, 2002). These findings indicate that an 
outbreak at regenerating sites could be more virulent and faster spreading under conducive 
environmental conditions.   
 
Infection in the park has had a significant effect on both flora and fauna in the national park. 
Death of over 40% of the upperstorey including E. macrorhyncha and E. baxteri at infested sites 
transformed the shrubby forest to open woodland with a resistant understorey of sedges and 
grasses (Weste et al., 1973; Weste, 2003).  Highly susceptible understorey species such as X. 
australis, Isopogon ceratophyllus and Hibbertia stricta were almost lost (Weste et al., 1999; 
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Cahill et al., 2008) and rare species such as Grevillea chrysophaea and Pultenaea graveolens 
were at high risk (Peters and Weste, 1997). Decreases in the populations of mammals such as 
Swamp Rat (Rattus lutreolus), Agile Antechinus (Antechinus agilis), and White-footed Dunnart 
(Sminthopsis leucopus) were also observed in the infested areas (Boon et al., 2008).  
 
Geebung Track
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Figure 1.12 Distribution of Phytophthora cinnamomi in the Brisbane Ranges National Park 
and the area affected by fire in 2006 (Des Peters, Parks Victoria, pers. comm.) 
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1.6.6.2 Phytophthora cinnamomi in the Grampians National Park  
The Grampians National Park is situated in western Victoria (Latitude 37°8'22"S, Longitude 
142°31'11"E) (BOM, 2010) about 260 km from Melbourne, close to three towns: Stawell, 
Dunkeld and Horsham. The National Park has an area of 167,219 ha and is the fourth largest in 
Victoria (Parks Victoria, 2009). Approximately 2000 vascular plant species, including 20 
endemic species, inhabit this area (Willis et al., 1968). The Grampians comprises sandstone 
ranges with spectacular scenic topography and rock faces. It holds great tourist and recreational 
value because of the native wild animal and floral diversity (Weste and Kennedy, 1997; Weste et 
al., 2002). It is home to nearly one-third of the indigenous flora of Victoria (Willis et al., 1968). 
The annual average rainfall in this region is 876.9 mm (BOM, 2010, station no. 079046). 
 
Marks and Smith (1991) initially reported that canopy dieback had occurred in the ranges during 
the 1950s but P. cinnamomi was not confirmed as being responsible until the late 1960s (Weste et 
al., 2002). The widespread occurrence of P. cinnamomi in the park was reported in a forestry 
survey in 1976. In the same year, plots were established in infested and uninfested areas to 
examine the spread and effects of P. cinnamomi on the plant species (Kennedy and Weste, 1977; 
1986; Weste and Kennedy, 1997) (fig. 1.13). About 54% of the healthy understorey species were 
destroyed on the infested plots. Susceptible understorey species like Persoonia juniperina, 
Daviesia brevifolia, Dillwynia sericea, Bossiaea prostrata, Bossiaea cinerea and Hovea 
heterophylla were among the first to be affected. The overstorey of susceptible eucalypts was 
infected at later stages; P. cinnamomi was isolated from 100% of the collected soil and root 
samples of infected plants (Kennedy and Weste, 1986). The floral diversity in the infested plots 
was significantly changed in the first 10 years of observation. The areas of bare ground were 
replaced by monocots such as Lepidosperma semiteres and Hypolaena fastigata and by field-
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resistant plants like tea-tree and sedges (Kennedy and Weste, 1986). Enright and Goldblum 
(1999), Di Stefano (2001) and Weste et al. (2002) found that the population of field-resistant 
Hakea species (Proteaceae) increased at infested sites. In 1995, pathogen activity apparently 
reduced, susceptible plant species started regenerating (Weste and Kennedy, 1997; Weste, 2003) 
(fig. 1.13). The isolation of P. cinnamomi from the susceptible species had reduced from 100% in 
1977 to 15.6% by 1995 (Weste and Kennedy, 1997). In 2000, the pathogen could hardly be 
recovered from the sampling sites and isolation was just 1% (Weste et al., 2002; Weste, 2003).  
Possible reasons for regeneration and reduction in pathogen populations were summarized as (1) 
death of susceptible host plants (Weste, 2003), (2) increase in soil organic content due to dead 
plants, leading to increase in soil microbes and antagonism against P. cinnamomi (Weste and 
Vithanage, 1978a; Weste, 2003), (3) the amount of rainfall in the Grampians had reduced by one-
third during the period of pathogen decline (1996 to 1999) as compared to that at the period of 
epidemic (1970 to 1979) (Weste, 2003). The process of zoospore production, dispersal and 
infection depends greatly on availability of water (Weste and Vithanage, 1979b; Weste, 2003). 
 
 P. cinnamomi was last detected in 1984 and 1995 at the Flat Rock and Millstream Creek sites 
respectively, but was not found in 2000 (Weste et al., 2002). P. cinnamomi was isolated from 
sites at Syphon Road, Serra Road and Yarram Park in 2000 (Weste et al., 2002). The occurrence 
of warm wet periods due to rain in the spring season was suggested as the conditions that would 
lead to further spread of the disease (Chakraborty et al., 1998; Weste et al., 2002). 
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Study sites, (Weste and Kennedy, 1997; Weste 2003)
P.c isolated in 
1997,1984,1995 
and 2000
P.c isolated in 
1997,1984,1995 
and 2000
P.c isolated in 
1997, 1984 and 
1995 but not in  
2000
P.c isolated in 1997 
and 1984 but not in 
1995 and 2000
P.c isolated in 
1997,1984,1995 
and 2000
P.cinnamomi absent in 2000
P.cinnamomi present in 2000
 
Figure 1.13 Map showing the sites in Grampians National Park where the study quadrats 
were set up (modified from Weste and Kennedy, 1997). 
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1.6.6.3 Phytophthora cinnamomi in Wilsons Promontory National Park 
Wilsons Promontory National Park (fig. 1.10 & 1.11) is spread across 60,000 ha and is located in 
the southernmost part of Victoria, 240 km southeast of Melbourne (Latitude 39°7'47"S, 
Longitude 146°25'28"E) (fig. 1.11). The national park holds a special place in the history of 
aboriginal occupation and archaeological records; it is home to more than 30 species of native 
mammals including Long-nosed Potoroo, Pygmy-possum, Broad-toothed Rat, Feather-tailed 
Glider, kangaroos, koalas and wombats (Parks Victoria 2009). The diverse floral community 
includes warm and cool temperate rainforests, heathlands, swamps and costal vegetation   
(Parks Victoria, 2009). The understorey consists of grasstrees (Xanthorrhea australis) and shrubs
 belonging to the family Compositae, Dilleniaceae, Epacridaceae, Myrtaceae, Proteaceae and Pa
pilionaceae. The overstorey is dominated by large trees of Banksia serrata and Eucalyptus 
oblique   (Weste and Law, 1973). Waterlogging and drying out is typical of the soil and the soils 
are nutrient-poor, being formed from siliceous sand, which lacks phosphorus and nitrogen 
(Specht and Groves, 1966). The annual average rainfall at the park is 1051.5 mm (BOM 2010 
station no. 085096).  
 
P. cinnamomi was initially detected in 1970 at the Vereker Range in the north of the park and 
was reported as the cause of dieback in a small patch of vegetation by Weste and Law (1973). 
Thereafter the park was surveyed for signs of infection and the pathogen was recovered from 
other places such as Five Mile Road, Millers Landing Road and Darby Saddle (Weste and Law, 
1973). The spread of the pathogen is well detailed in reports by Weste (1975). The distribution 
maps were regularly upgraded in the following years (Weste, 1997; Bluett et al., 2003) (fig. 
1.14). In 1996 the same scenario of decline in disease and regeneration of susceptible species as 
observed at the Brisbane Ranges and the Grampians was also observed at Wilsons Promontory 
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(Weste, 2003). Recovery of P. cinnamomi from infested sites (Vereker Spur, Millers Landing Rd, 
Darby Saddle, Lilly Pilly Gully Rd and Light House Track) declined from 100% in 1970-1980 to 
<1% in 2000 (Weste, 2003). In 2000 P. cinnamomi was not recovered from Darby Saddle and 
Lilly Pilly Gully Rd sites (Weste, 2003). Factors like reduction in the availability of susceptible 
host roots, vigorous flowering and seed dispersal of plants like X. australis, dry periods with little 
rainfall and increase in organic matter and soil microbes can be considered as the reason for the 
decline in pathogen from infested sites (Weste, 2003). The amount of rainfall in the Wilson’s 
Promontory National Park had reduced by half during the period of pathogen decline (1996 to 
1999) as compared to that at the period of the epidemic (1970 to 1979) (Weste, 2003). 
Unavailability of free water can lead to reduction in zoospore production, spread and infection 
(Weste and Vithanage, 1979). 
  
 In 1996, control burning resulted in abundant flowering of X. australis at Tidal Overlook and at 
the intersection of Five Mile Road and Millers Landing Road, but later these plants showed signs 
of infection and P. cinnamomi was isolated from the site in 1998. P. cinnamomi was also isolated 
from Mt Oberon in the same year following road-repair activities (Weste, 2003). Bluett et al. 
(2003) re-evaluated the distribution of disease caused by P. cinnamomi in the Park and its 
potential for further impact. Eight out of 18 sites that tested positive for evidence of P. 
cinnamomi had a high chance of further disease spread. There remain gaps in the knowledge 
about P. cinnamomi at Wilsons Promontory National Park after 2003 and the current status of P. 
cinnamomi is unknown. Much of the area under national park was burnt in 2009 and the effect on 
survival of P. cinnamomi is unknown. Average annual rainfall at the Park from 2004 – 2009 has 
been 953.5 mm, including 1305.0 mm in 2009, the highest after 1996 (1310.07 mm) (BOM, 
2010). Fire may lead to water logging as there are fewer plants available to use the rain water and 
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such conditions are conducive for P. cinnamomi infection (Cahill et al., 2008). Growth of species 
such as X. australis and some eucalypts is stimulated after the fire and this regeneration may act 
as a fresh food source if the pathogen has survived the fire (Weste, 2003; Cahill et al., 2008).  It 
is vital to investigate these situations and have a better understanding of the present and potential 
distribution of P. cinnamomi in Wilsons Promontory National Park. 
 
Figure 1.14 Map showing the location of study sites at Wilsons Promontory National Park 
(Bluett et al., 2003). 
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1.6.6.4 Phytophthora cinnamomi in the Kinglake National Park 
Kinglake National Park (fig 1.10 & 1.11) is located 65 km north-east of Melbourne (Latitude 
37°26'51"S, Longitude 145°12'51"E). The area was declared as a park in 1928 by European 
settlers. Mining and timber were the two main active industries. It is the largest national park 
close to Melbourne, covering an area of 22,360 ha (Parks Victoria, 2009). Being close to the city, 
the national park has a lot of tourist traffic for its walking tracks and scenic views, diverse wild 
life including lyrebirds, floral diversity including eucalyptus forests and heathland. The 
vegetation is mainly dry sclerophyll forest on the ridges and spurs and wet sclerophyll forest in 
the gullies (Duncan and Keane, 1996). The park receives an average annual rainfall of 1197.4 
mm 
 
Initial observations about P. cinnamomi spread and infection across Victoria in 1969 (Podger and 
Ashton, 1970) led to further investigations at Kinglake National Park. P. cinnamomi was first 
reported as the cause of dieback in Kinglake National Park in 1973 (Weste, 1974; Weste and 
Marks, 1974). The onset of disease and its spread were associated with gravel used for roads and 
runoff water passing into the gullies from this gravel (Weste, 1974). Overstorey species like E. 
dives, E. macrorhyncha and understorey species including X. australis, Daviesia ulicifolia and 
Dillwynia phylicoides disappeared due to the disease (Duncan and Keane, 1996; Cahill et al., 
2008).  The spread of the pathogen was reduced once host plants like X. australis were dead and 
P. cinnamomi could not be isolated from dead X. australis 18 months after infection (Duncan and 
Keane, 1996).  The annual rate of spread of the disease at a hillside site studied by Duncan and 
Keane during 1992-1994 was 13.8 m/year across steep slopes and 5.8 m/year upwards (Duncan 
and Keane, 1996). The activity of P. cinnamomi in the soil also depends on the soil temperature 
remaining above 12°C in June, July and August. Duncan and Keane (1996) and Weste and 
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Ruppin (1977) found that P. cinnamomi was active at sites in Kinglake all year round as the soil 
temperatures rarely fell below 12°C despite seasonal changes. A P. cinnamomi survey was 
conducted after 1996 (Ian Smith, University of Melbourne pers. comm.) but was never published 
and so there remains a gap in knowledge about recent spread and presence in the park. The 
National Park received an average annual rainfall of about 1233.5 mm from 1970 to 2000 and but 
fell to an average of 963.3 mm from 2001 to 2009 (BOM 2010 station no. 088060). In 2010, the 
rainfall until November was 1435.4 mm; approximately 98% of the Kinglake National Park was 
burnt in the February 2009 wild fire. Following the fires, it remains to be checked how much 
effect has the fire and reduction in rainfall had on P. cinnamomi in the national park. 
 
The following information can be summarised (table 1.2) from the literature available.  
1) P. cinnamomi was initially discovered as the causal organism for dieback of native 
vegetation in 1970s in Victoria. 
2) Detection of P. cinnamomi from samples collected at all national parks was 100%  (all 
sample had P. cinnamomi) in the first decade (1970-1980) but started declining in 1980s 
and became almost undetectable by 2000 (Weste, 2003)  
3) The decline was attributed to decreasing rainfall or drought and a decline in the 
availability of susceptible host species in Victoria. 
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Information obtained from BOM (Bureau of Meteorology) table (1.3) shows that all national 
parks had received their average rainfall during the period when detection of P. cinnamomi was 
declining. This raises the question as to which (rainfall or the presence of susceptible host plants) 
were the factor responsible for the decline? The parks have also been affected by wild fires over 
this time and it is unclear if fire had any effect on the decline or survival of P. cinnamomi.  
 
Table 1.2 Summarised information about detection of Phytophthora cinnamomi, average 
rainfall and wild fires for four Victorian National parks from 1970-2009 previously studied 
by Gretna Weste and colleagues. 
National 
Park 
P.c.1
st
  
recorded 
P.c. recorded in 
subsequent 
years  
(% detection) 
Average 
annual 
rainfall 
Average annual 
rainfall (mm) in 
last 4 decades 
 (1970-2009)  
Rainfall 
in 2010 
so far 
Major 
Wild 
fires 
Brisbane 
Ranges  
1970 1970-74 (100%) 
1981 (29-100%) 
1992 (0-69 %)  
1996 (0-97 %) 
1998 (0-6) 
622 mm 1970-80 (713 mm) 
1981-90 (695 mm) 
1991-00 (659 mm) 
2001-09 (530 mm) 
707 mm 2005-06 
 
Wilsons 
Promontory  
1971 1971 (100%) 
1981 (100%) 
1996 (5-96 %) 
2000-01 (0-1%) 
1052 
mm 
1970-80 (1143 mm) 
1981-90 (1008 mm) 
1991-00 (1195 mm) 
2001-09 (946 mm) 
1126 
mm 
2006 
2009 
Kinglake  1973 1973-77 (100%) 
1994 (0-100%) 
1197 
mm 
1970-80 (1269 mm) 
1981-90 (1231 mm) 
1991-00 (1191 mm) 
2001-09 (963 mm) 
1453 
mm 
2005-06 
2009 
Grampians  1974 1974-77 (100%) 
1984 (100%) 
1995 (0-69 %) 
 2000-01 (0-1%) 
877 mm 1970-80 (899 mm) 
1981-90 (868 mm) 
1991-00 (873 mm) 
2001-09 (726 mm) 
907 mm 2005-06 
 
* 100% = every sample was infested with P. cinnamomi.  
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1.7 Methods of detecting Phytophthora cinnamomi in soil and plants 
1.7.1 Aerial detection 
Aerial photography is a quick method of detecting diseased areas with the advantage of covering 
large areas of ground. This is because surveying P. cinnamomi-infested areas by on-ground 
sampling is time-consuming and certain places may be unreachable in the wild. Bluett et al. 
(2008) identified areas showing signs of infection in Wilsons Promontory National Park using 
aerial photography and P. cinnamomi was detected from root and soil samples collected from 
selected sites. 
 
1.7.2 Stream detection  
Stream baiting has been used to detect Phytophthora species in catchments, on the grounds that 
any Phytophthora infection in the soil will produce zoospores that end up in drainage water. 
Hwang et al. (2009) identified species of Phytophthora, including P. cinnamomi, from streams 
using baiting with Rhododendron maximum and filtration of stream water using different pore 
size (1 - 5 µm) filters. Hong and Moorman (2005) demonstrated that contaminated irrigation 
water is a primary, if not the sole, source of inoculum for Phytophthora diseases of numerous 
nursery, fruit, and vegetable crops. However, the traditional method of baiting with susceptible 
host plant tissues has long been used and is still an economically viable method as detecting P. 
cinnamomi by stream baiting is difficult and rare. 
 
1.7.3 Soil and roots sampling  
Collection of soil and plant samples is the first step towards isolation and detection of the 
pathogen, but various factors like time of sampling, soil temperature, moisture content in the soil 
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and sampling depth are not uniform and standardised and can affect the results of isolation 
(Shearer et al., 2009). The use of bulk samples containing large plant parts, fine roots, root collars 
and adjacent soil for detection has been reported and is most common (Shearer and Dillon, 1996; 
Davison and Tay, 2005), but there is no direct evidence if this practice is ideal. Different 
researchers have suggested what materials should be collected as a sample. Shea (1979) 
suggested that the plant roots and collar regions would be ideal when death is associated with 
Phytophthora species. Davison and Tay (2005) suggested that only soil and no plant material, 
collected from around the dead plant, should be used as a sample for isolation. Soil samples are 
usually collected from the top soil surface just under the collar region or up to depths of 10-20 cm 
in the soil (Weste and Taylor, 1971; Timmer et al., 1988; Bluett et al., 2003). Many 
Phytophthora species do not survive in the absence of host tissues (Erwin and Ribeiro, 1996; 
French-Monar et al., 2007). In soil with no susceptible host plant, the mycelium and zoospores 
die within a few weeks, although chlamydospores may live up to 6 years and oospores up to 4 
years (Krober, 1980; Erwin and Ribeiro, 1996; French-Monar et al., 2007). Kannwischer and 
Mitchell (1992) reported that in areas where Phytophthora species have been endemic, the failure 
to detect Phytophthora species from the soil is mostly because the inoculum is present in the soil 
as chlamydospores or oospores, which are often not detected, but inoculum levels may increase 
and disease may re-appear when favourable conditions return.  
 
Timmer et al. (1988) demonstrated the effect of temperature on storage and isolation of P. 
parasitica from soil samples. Moistening and incubation of soil samples at 21-23°C for 2-3 days 
increased the number of propagules in soil and chances of isolation, especially during winter 
when the soil temperature was low (Timmer et al., 1988) and this method could have application 
for P. cinnamomi. The chance of isolating P. cinnamomi is increased if the soil samples are 
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baited twice (Bunny, 1996), probably because it could break the dormancy and there is an initial 
increase in Phytophthora that may not be enough for detection and baiting twice increased the 
base level.  
 
1.7.4 Detection of Phytophthora cinnamomi by methods other than isolation 
Detection of P. cinnamomi can be carried out by many different methods. Much research has 
been performed on isolation and detection of P. cinnamomi in order to make it more efficient and 
faster. It is of utmost importance to recover the pathogen from the collected sample. Efficient 
isolation of the pathogen is the key to precise evaluation of the disease. Isolating the causal 
organism is a complex task. Standard mycological methods still play a vital role in pathogen 
detection, especially in preliminary assessment (Lucas, 2003). The most preferable and widely 
used traditional method of isolation of Phytophthora species from the soil is by soil baiting (Chee 
and Newhook, 1965b). It involves exposing flooded soil to bait of parts of susceptible host plants 
for several days, plating the baits on to selective media and subsequently assessing the 
morphology of the growing pathogen to identify it (Greenhalgh, 1978; Zentmyer, 1980; Tsao et 
al., 1983). Though conventional methods are time-consuming, laborious, and require high level 
skills they are very specific and accurate in identifying some Phytophthora species (Drenth et al., 
2006). Leaves of Pimelea ferruginea, seedlings of Banksia grandis and cotyledons of Eucalyptus 
sieberi have successfully been used for isolation of P. cinnamomi from soil samples (Marks and 
Kassaby, 1974; Greenhalgh, 1978; McDougall, 2002). Wilkinson and co- workers demonstrated 
the use of P. ferruginea leaves as baits for collecting zoospores of P. cinnamomi from the soil 
(Wilkinson et al., 2001). Lupinus angustifolius seedlings as bait for P. cinnamomi have 
successfully been used (Reiter, 2002; Reiter et al., 2004).  
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Although the most common technique is baiting with susceptible plant material, there are 
problems. Samples may appear diseased and still not yield a pathogen and sometimes a pathogen 
can also be recovered from symptomless samples (Crombie and Tippett, 1990; Huberli et al., 
2000). Environmental factors like temperature and moisture and experimental factors like 
duration of incubation, use of careful aseptic techniques, cross-contamination of samples etc, 
plays a large role in isolating a pathogen from the soil or plant parts. These disadvantages can be 
overcome by methods that do not require isolation and have high sensitivity. 
 
A dip-stick method has been developed on the basis of chemotaxis and electrotaxis, to attract 
zoospores of P. cinnamomi on to a plastic dipstick with nylon or nitrocellulose membrane coated 
with chemoattractant such as aspartic acid (Cahill and Hardham, 1994). Other methods such as 
generation of protein profiles (Gill and Zentmyer, 1978; Erwin and Ribeiro, 1996) and enzyme 
immunoassay (Hardham et al., 1986; Gabor et al., 1993; Devergne et al., 1994) have also been 
developed and used for detection of Phytophthora species. The use of hybridization melting 
kinetics and three dimensional microarrays in detection of Phytophthora species is claimed to be 
an efficient means of identifying individual Phytophthora species from a mixture of different 
species (Anderson et al., 2006). Although these methods are efficient, they have not been used 
extensively because of the cost of materials in some tests, chances of cross-reaction with other 
pathogens, lack of sensitivity for lower levels of infection and lack of ability to diagnose disease 
under different conditions (Drenth et al., 2006).  
 
The invention of the polymerase chain reaction (PCR) has played a significant role in developing 
new techniques for identification of plant pathogens (Mullis et al., 1986; 1994). The use of PCR 
and restriction fragment length polymorphism (RFLP) for detection of Phytophthora species is 
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well documented by Martin and Tooley (2004). A DNA-based molecular method involving PCR 
and RFLP developed by Drenth et al. (2006) was efficient in identifying a range of Phytophthora 
species. Schena et al. (2008) later also developed a PCR-based molecular technique to identify 
different Phytophthora species.  
 
1.8 Testing the pathogenicity of Phytophthora cinnamomi 
The terms pathogenicity and virulence have been conflicting terms in the field of plant pathology. 
Hunt (1994) suggestion to most plant pathologist is to use the old definitions by Whetzel (1929) 
where Pathogenicity is described as the ability of an Organism to produce disease and Virulence 
as the measure of pathogenicity, these were opposed by Andrivon (1993) suggesting that 
Vanderplank (1968) definitions stating that the quantitative negative effect of a pathogen on its host was 
named aggressiveness, while the term virulence was used to describe the capacity of a pathogen to infect a 
particular host genotype are more valid. However, the American Phytopathological Society defines 
pathogenicity as the ability of a pathogen to cause disease on a particular host (i.e. a qualitative property), 
and virulence as the degree of damage caused to the host (i.e. a quantitative property), assumed to be 
negatively correlated with host fitness (D'Arcy et al., 2001). Here in this thesis i define pathogenicity 
as the qualitative capacity of a parasite to infect and cause disease on a host and virulence as the 
degree of damage caused to a host by parasite infection. Different methods, in vitro and in vivo, 
have been used to determine the pathogenicity of P. cinnamomi. These are explained in the 
following sections. 
 
1.8.1 Stem inoculation 
A well known technique for stem inoculation of trees is by applying a mycelial plug of a 
pathogen onto an artificial wound on the bark or stem of the plant (Shearer et al., 1988; Santini et 
al., 2003). P. cinnamomi was pathogenic to Quercus suber plants, causing cankers and vascular 
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necrosis, when a mycelial plug containing the fungus was placed on a wound created at 10 cm 
above the ground on the bark (Luque et al., 2000). P. cinnamomi was also recovered from the 
lesions caused on the stem after artificially inoculating 1-year-old E. dunnii in South Africa 
(Maseko et al., 2007). Stem inoculation in E. marginata using mycelial plugs showed that P. 
cinnamomi caused mortality of phloem, cambium and xylem (Dell and Wallace, 1981; Tippett et 
al., 1987; 1989; Shearer et al., 1988). O’Gara et al. (1997) demonstrated that it was possible to 
cause infection in the collar region of E. marginata stems without causing any injury to the 
plants, but the advantage of stem inoculation over root inoculation is that it does not mask 
differences in susceptibility to the pathogen (Tippett et al., 1985)  
 
 
 1.8.2 Root Inoculation 
P. cinnamomi was successfully re-isolated from the roots of Q. suber 2 weeks after artificial 
wound inoculation of the pathogen (Luque et al., 2000). Following inoculation of large roots of 
E. marginate, P. cinnamomi proved it to be highly pathogenic to E. marginata (Palzer, 1976; 
Shearer et al., 1981). Davison et al. (1994) found that P. cinnamomi rapidly invaded xylem and 
phloem of both E. marginata and P. radiata.  They also found that in some pine stems the wood 
became dry and developed a non-conductive wood structure at the point of inoculation, which 
was not observed in jarrah.  
 
1.8.3 Soil Inoculation 
Sanchez et al. (2005) reported that some Phytophthora species, including P. cinnamomi, caused 
extensive root necrosis on Quercus ilex ssp. ballotai when inoculated with different growth 
media under continuous flooded soil-water conditions. A mycelial suspension prepared from a P. 
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cinnamomi culture growing on corn meal agar was pathogenic to the roots, causing plant death 
when added to pots of E. baxteri seedlings (Weste and Taylor, 1971). Shearer et al. (2004) 
successfully demonstrated a method for testing pathogenicity by adding P. cinnamomi inoculum 
plugs into the soil without disturbing the roots. Millet seeds were first colonized with P. 
cinnamomi mycelium and then used as an inoculum in the soil to test its pathogenicity on oak and 
chestnut plants (Maurel et al., 2001).  
 
 1.9 Selective medium for isolation, growth and sporulation of Phytophthora cinnamomi 
 
The use of a host plant as a bait is not the only item necessary for isolation of Phytophthora 
species from the soil. Other organisms are present in the soil or the infected plant part and 
therefore it is necessary to avoid or restrict the growth of these organisms while isolating only 
Phytophthora. Pythium is one pathogen that can hinder in the isolation process as it is usually 
present in all soils and barks (Masogo et al., 1977; Tsao and Guy, 1977) and has requirement of 
free water for sporulation. The addition of multiple antibiotics and antifungal compounds into the 
media aids in successful detection of Phytophthora. Over the years many different media 
selective to Phytophthora have been developed and their use demonstrated (Tsao and Ocana, 
1969; Masago et al., 1977; Tsao and Guy, 1977; Jeffers and Martin, 1986; Shearer and Dillon, 
1995; Huberli, 2000). Most recently a selective medium containing hymexazol, ampicillin, rose 
of bengal, rifampicin and nystatin (Reiter et al., 2004), which was modified from PARBH 
medium originally used by Hewett (2001), was used for studies of P. cinnamomi on rare and 
endangered plant species (Hewett, 2001; Reiter et al., 2004).  
 
Growth media like Corn Meal Agar (CMA) and V8 Vegetable Juice Agar (V8 Agar) have been 
used for maintaining Phytophthora cultures and studying their growth rate, morphology and 
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diagnostic sporulation (Donahoo et al., 2006; Maseko et al., 2007) but again there is no 
standardisation. It would be useful to know which medium was the best to produce the distinctive 
coralloid mycelium and bunches of chlamydospores.  
 
1.10 Effect of fire on Phytophthora species 
Fires have been occurring in Australia for hundreds of years (table 1.3) and have resulted in the 
landscape and forest ecology today (DSE, 2009a). Fire is an integral part of the forest ecosystem 
and is responsible for the changes in species diversity and forest vegetation; it also affects forest 
disease epidemiology (Moritz and Odion, 2005). Its intensity, frequency, and season also affect 
the floral composition (Bradstock et al., 1997; Morrison et al., 1995; Morrison and Renwick, 
2000) and biodiversity (Gill, 1999). Victoria is one of the most fire-prone regions of Australia 
because of its geography, vegetation and climate (DPC, 2003) (table 1.3). Large wild fires (>1 
million ha) occurred in 1851, 1939, 2003 and 2006-7 (table 1.3) and in the recent drier years 
several thousand hectares have been burnt, depending on the weather, about every 3 years. Apart 
from natural bushfire, control or prescribed burning is carried out in order to reduce fire fuel and 
maintain species composition by regeneration after fire (DNRE, 1995).  
 
Various studies have been conducted on the direct and indirect effects of fire on the survival of 
Phytophthora species in the soil (Podger, 1990; Moritz and Odion, 2005; Cahill et al., 2008) but 
results are contradictory and vary with fire intensity, season and timing of sampling after the 
fires. Success in eradicating P. cinnamomi from the soil surface and top soil layers by fire 
exposure has been reported (Hardison, 1976). Moritz and Odion (2005), in their study on Sudden 
Oak Death, reported that Phytophthora ramorum, in particular, occurred less at fire-affected sites 
than at unburnt sites. Low-temperature fire did help in Western Australia in regenerating plant 
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species like Acacia pulchella that could suppress P. cinnamomi activity (Shea et al., 1978; Tippet 
and Malajczuk, 1979). 
 
Moritz and Odion (2005) suggested that post-fire conditions such as increases in plant nutrient-
stress and decrease in available nutrients e.g. Ca and P (Viro, 1974; Wells et al., 1979; Agee, 
1993) that inhibit Phytophthora species can trigger resurgence of Phytophthora species. Podger 
(1990) found that not even very hot forest fires eradicated P. cinnamomi from the soil. P. 
cinnamomi survives under natural conditions where propagules are found deep beneath the soil, 
in roots up to 3 m deep (Shearer and Tippett, 1989) and under surviving trees and rocks (Podger, 
1990) and is not affected by the severity of fire. P. cinnamomi activity increased in some 
Tasmanian heathlands post-fire and this was ascribed to regeneration of susceptible species like 
Melaleuca squamea and Sprengelia incarnata (Podger, 1990). Many fire sprouts and 2-year old 
seedlings of several forest species were infected with P. cinnamomi following a savage river fire 
in Western Australia in 1982 (Podger, 1990). Fire also encourages regeneration of susceptible 
Xanthorrhoea species by flowering and seed production (McDougall and Summerell, 2003; 
Weste, 2003). The death of Xanthorrhoea resinifera plants in Sydney Royal National Park 
increased after fire in 1988 and 1994 (D. Keith, NSW Department of Environment and Climate 
Change, in Cahill et al., 2008).   
The effect of fire on P. cinnamomi infection is not clear and a more critical study is needed. 
Information about the presence and spread of P. cinnamomi in some of these fire-affected 
regions, such as the Brisbane Ranges National Park, the Grampians National Park, the Kinglake 
National Park and Wilsons Promontory National Park is discussed at length in chapter 2.  
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Table 1.3 Major wildfires in Victoria (Data reprinted from DSE, 2009a) 
Year of 
Fire 
Location  and Area Affected Area burnt 
Feb-1851 Quarter of Victoria including Portland, Plenty Ranges, Westernport, 
the Wimmera and Dandenong districts. 
5 million ha 
Feb-1898 South Gippsland 260,000 ha 
1912-1914 Gippsland and  Grampians Not given 
1919 Otway Ranges Not given 
Mar-1926 Gippsland including Warburton, Noojee, Kinglake, Erica, and the 
Dandenong Ranges 
Not given 
1932 Areas in Victoria and  Gippsland state forest Not given 
Jan- 1939 'Black Friday' Narbethong, Noojee, Woods Point, Omeo, 
Warrandyte, Yarra Glen, Warburton, Erica, Rubicon, Dromana, 
Mansfield, the Otway Ranges and the Grampians. 
1.5 to 2 
million ha 
Mar -1942 South Gippsland Not given 
Dec- 1943 Wangaratta Not given 
Jan - 1944 Western district and Hamilton, Dunkeld, Skipton and Lake Bolac 1 million ha 
Feb - 1952 Hume Highway near Benalla 100,000 ha 
Jan - 1962 Dandenong Ranges and Melbourne outskirts including The Basin, 
Christmas Hills, Kinglake, St Andrews, Hurstbridge, Warrandyte 
and Mitcham. 
Not given 
Jan - 1965 Longwood - Northern Victoria Not given 
Feb/Mar 
1965 
Gippsland 315,000 ha 
Feb - 1968 Dandenong Ranges including The Basin and Upwey. 1,920 ha 
Jan - 1969 Lara, Daylesford, Dulgana, Yea, Darraweit, Kangaroo Flat and 
Korongvale 
250,000 ha 
Dec -1972 Mount Buffalo 12,140 ha 
Feb -1977 Western District of Victoria 103,000 ha 
Dec -1980 
Jan - 1981 
Sunset Country and the Big Desert 119,000 ha 
Jan - 1983 Cann River forest district 250,000 ha 
Feb -1983 Mt Macedon 6,100 ha 
Feb 1983 ‘Ash Wednesday’ Monivae, Branxholme, East Trentham, Mt 
Macedon, the Otway Ranges, Warburton, Belgrave Heights, 
Cockatoo, Beaconsfield Upper and Framlingham 
210,000 ha 
Jan - 1985 Central Victoria- including Avoca, Maryborough, and Little River 50,800 ha 
Jan - 1985 Mt Buffalo 51,400 ha 
Jan - 1997 Dandenong Ranges, Arthurs Seat, Eildon State Park, Gippsland and 
Creswick. 
Not given 
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Jan - 1998 Alpine National Park and Carey River State Forest 32,000 
Dec -2002 ‘December Big Desert Fire’  Big Desert Wilderness Park, 
Wyperfield National Park 
181,400 ha 
Jan-Mar 
2003 
‘Alpine Fires’ Mt Buffalo, Bright, Dinner Plain, Benambra and 
Omeo. 
1.3 million 
ha 
Dec 2005-
Jan 2006 
Stawell, Yea, Moondarra, Grampians, Kinglake and Anakie areas 160,000 ha 
Dec 2006-
Jan  2007 
Great Divide North and South fire- Gippsland 
Tawonga Gap fire and Tatong-Watchbox Creek Track fire 
1.2 million 
ha 
Feb 2009 'Black Saturday' including 70 national parks and reserves across 
Victoria.  Kinglake, Marysville, Wilsons Promontory  
430,000 ha 
The fonts marked in red indicate more recent fires that affected the study areas.  
 
 
6
3
 
 
Figure 1.15 Map showing the extent of fires in Victoria in 2009 
Statewide map - overview of areas affected by fires in January/February 2009 (PDF - 1.0 MB) reprinted from (DSE,  2009b) 
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1.11 Future risk from Phytophthora cinnamomi and effect of climate change 
Researchers like Gretna Weste and many others all over the globe have dedicated a considerable 
amount of time and effort to study plant diseases affecting forest ecology on a large scale. In this 
case of Phytophthora dieback, the questions we face today are, have we done enough to 
understand the fungus and the disease it causes? Is the inoculum potential of the pathogen 
declining? What are the chances of new outbreaks and where? Which new species have been 
found and are they pathogenic? What would be the effect of climate change on the disease 
incidence in Australia? Changes in environmental factors will result in changes in geographical 
distribution of host plants and with them their pathogens (Chakraborty et al., 1998). Chakraborty 
et al. (1998) suggested that climate change, resulting in global warming and increase in CO2 
concentration, may change the physiology of plants and pathogenicity of pathogens and it could 
well affect the nature of resistance in a host plant and modify the stage and rate of development 
of the pathogen. It is presumed that the severity of oak disease caused by P. cinnamomi in Europe 
will increase and spread in north and east directions (Brasier and Scott, 1994; Bergot et al., 
2004). CSIRO predicts that the average temperature rise by 2070 will be between 1 and 5°C and 
that rainfall distribution will change, with some areas becoming wetter and some drier than 
previously. Weste has suggested that in favourable conditions (soil temperature >12°C, rainfall 
>600 mm) P. cinnamomi could be severe and distributed widely (Weste, 2003). This could result 
in the spread of P. cinnamomi into areas where it has not flourished previously (Cahill et al., 
2008). Chakraborty and Pannga (2004) suggested that disease incidence due to P. cinnamomi 
would increase towards the southern regions of the globe because of the possible climate 
changes. This may lead to an increase in occurrence of P. cinnamomi in the southern hemisphere, 
including Victoria, in Australia. Figure 1.16 shows the predicted spread of P. cinnamomi across 
the world with increase in temperature (Brasier, 2000). 
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Figure 1.16 Predicted spread of Phytophthora cinnamomi with increase in global 
temperatures (Brasier 2000 Data of Scott, J. and Brasier C. M.)  
Red dot = increase and Green dot = decrease 
P. cinnamomi has been in Australia since the early 1900s (Newhook and Podger, 1972). It caused 
epidemics in various forest in Victoria during the 1970s and had many advancing fronts, but 
changes in environmental conditions due to drought in the last 10 years has apparently reduced its 
spread and activity and the fungus has become undetectable in some places (Weste, 2003). The 
inability to detect P. cinnamomi at previously infested places makes us forget that it is an 
invasive pathogen with a potential to cause large scale devastation.  Lack of advancing fronts and 
regeneration of susceptible species can lead us to think that it is a threat no more. However, the 
example of widespread destruction of Fraser fir Christmas trees due to P. cinnamomi in the 
United States demonstrates the potential of this pathogen to reappear after a period of apparent 
absence (Hansen, 2003).  
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Aims of this thesis 
There are no data on the spread and presence of P. cinnamomi in previously infested sites after 
2003, before the drought and wildfires in many important national parks leaving Victorian floral 
biodiversity vulnerable to infection if new P. cinnamomi outbreaks occur. It was the intention of 
this study to remedy this situation, by examining its persistence in these parks after the 10 year 
drought (2000-2009) and wildfires.  
 (Chapter 2) To investigate if P. cinnamomi was still present and active at sites previously 
reported as infested by Weste and others, following the drought, fire and regeneration in 
the past decade. 
 (Chapter 3) To study cultures collected by other researchers and find if all records of P. 
cinnamomi are truly P. cinnamomi or are misidentifications. 
 (Chapter 4) To evaluate the best method for detection of P. cinnamomi and study the 
pathogenicity and virulence of historic and freshly collected isolates of Phytophthora 
species from Victoria. 
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Chapter 2 
 
Effect of drought and bushfire on presence of and infection by 
Phytophthora cinnamomi in Victoria  
 
2.1 Introduction 
Victoria is geographically the smallest mainland state in Australia. European settlement in 
Victoria began in the 1830s. The history of the presence of P. cinnamomi in Victoria goes well 
back into the 1920s. According to Marks and Smith (1991), P. cinnamomi may have been 
responsible for disease in walnut (Juglans sp.) and the death of willows in 1935. The first official 
records of P. cinnamomi as being responsible for widespread deaths in native forest of Victoria 
came around the 1970s. Weste (Weste, 1972; 1974; 1975) was the first to demonstrate that P. 
cinnamomi caused the dieback symptoms seen in native forest in Victoria.  
 
P. cinnamomi was first isolated in the Brisbane Ranges National Park in 1969 (Marks et al., 
1972; Weste, 1972), in Wilsons Promontory National Park in 1970 (Weste and Law 1973; Weste, 
1974) and in the Grampians National Park during 1974 (Kennedy and Weste, 1977; Weste et al., 
2002). Signs of dieback were observed in the Grampians and Gippsland earlier, in the 1950s 
(Ward et al., 1978; Marks and Smith, 1991) but the cause was not elucidated. Infection in the 
Otway Ranges near Geelong was also detected in the 1970s (Cahill et al., 2008). Infestation in 
parks and other areas such as the Blackwood Ranges and at Lysterfield (Weste, 1974), 
Narbethong (Weste and Ruppin, 1977) and at Kinglake National Park (Duncan and Keane, 1996) 
was also observed in Victoria during the 1970s.  
 
Kennedy and Weste (1986) observed susceptible plants being replaced by field-resistant plants 
due to P. cinnamomi infection in the Grampians National Park. The word field-resistant is mostly 
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used to state that plants such as Lepidosperma laterale, L. tortuosum and Poa sieberiana, do 
carry P. cinnamomi but are unlikely to die and may not show any disease symptoms (Kennedy 
and Weste, 1986; Phillips and Weste, 1984). Peters and Weste (1997) demonstrated that rare 
native plant species in the Brisbane Ranges National Park including Grevillea chrysophaea, 
Olearia pannosa, Pultenaea graveolens and Prostanthera decussate, are highly susceptible to P. 
cinnamomi and were feared to be in danger of extinction due to their susceptibility to P. 
cinnamomi. Some endangered and rare plant species, like Borya mirabilis, Grevillea microstegia, 
Hibbertia humifusa, and Pultenaea subalpina in the Grampians are vulnerable to P. cinnamomi 
(Reiter et al., 2004). Many other more common species such as Xanthorrhoea australis, Banksia 
marginata, Banksia saxicola, Grevillea chrysophaea, Hibbertia riparia etc. found in Victorian 
national parks are highly susceptible to P. cinnamomi infection (Weste, 2002). The presence and 
impact of P. cinnamomi in Victorian national parks such as the Grampians, Wilsons Promontory, 
Brisbane Ranges, and Kinglake have been discussed previously in chapter 1. 
 
Unlike other states, an apparent decline in isolation of P. cinnamomi and disease spread, followed 
by regeneration and survival of susceptible host plant species was observed in Victoria at several 
infested sites during the mid 1980’s (Weste, 2003) as reviewed in Chapter 1. Despite the decline, 
patchy new outbreaks of infection were recorded at places like Point Nepean National Park 
(Mornington Peninsula), Lorne Angahook National Park (Eastern Otways), Boola Boola State 
Forest (Central Highlands) and Croajingalong National Park and Lower Glenelg National Park 
(Weste, 1994). This led to the initiation of a long term study of P. cinnamomi in Victorian 
national park by Weste and other researchers. Permanent quadrats were set up (fig. 2.1) in 
infested and uninfested areas at the Brisbane Ranges in 1970, Wilsons Promontory in 1971 and 
the Grampians in 1976, in order to monitor the long term impact of P. cinnamomi on Victorian 
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floral biodiversity (Weste and Taylor, 1971; Weste and Law, 1973; Kennedy and Weste, 1977, 
Weste, 2003).   
 
Figure 2.1 Permanent quadrats set up for study of Phytophthora cinnamomi in Victoria 
(Weste, 2003). The sites were: 1-Syphon Rd, 2-Serra Rd, 3-Flat rock crossing, 4- Millstream creek, and 5-
Yarram Park, 6-Anakie-Ballan Rd, 7-Marginal, 8-Old diseased, 9-Vereker Spur, 10-Millers Landing Rd, 11-
Darby Saddle, 12-Lilly Pilly Gully Rd, and 13-Lighthouse Track. 
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Weste described the phases in dieback disease due to P. cinnamomi in Victoria (Phytophthora 
dieback) (Table 2.1) from the initial phase of infection, through widespread loss of susceptible 
host and their replacement by tolerant species, to the last phase of regeneration and decline in 
pathogen inoculum. She concluded that these were probably due to factors such as unavailability 
of susceptible host roots, increase in microbial activity in the soil and unfavourable climatic 
conditions (prolong drought) for the pathogen (McDougall, 1997; Weste, 2003), but did not 
quantify their relative importance. 
 
 Between 1996 and 2009 Victoria has experienced a long drought and severe bush fires. Plant 
species growing in open woodland and forest are able to survive in the harsh dry weather (Weste, 
2003), P. cinnamomi also spreads through root to root contact (Shearer and Dillon, 1996) but 
availability of free water is important for the production of sporangia and release and spread of 
zoospores (Weste and Ruppin, 1975; Gisi et al., 1980), which suggests that the dry period might 
have resulted in a reduction of the P. cinnamomi population and regeneration of susceptible 
species. During the beginning of the drought, detection of P. cinnamomi declined in previously 
infested sites (Weste, 2003). Weste (2003) suggested a direct correlation between pathogen 
decline and reduction in rainfall at the infested sites. 
 
There is a gap in the data about disease spread; survival and presence of P. cinnamomi at these 
permanent quadrats since 2001 and all of these sites have been affected by wild fire since then 
(fig. 1.3 Chapter 1-Grampians National Park 2005-2006, Brisbane Ranges National Park 2005-
2006 and Wilsons Promontory National Park 2009 (Weste, 2003) and Kinglake National Park 
2009 Duncan and Keane, 1996). The lack of data raises various questions, such as: has P. 
cinnamomi continued to decline or survived at these previously infested sites and did fire play 
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any role in this? Has P. cinnamomi over this period become less pathogenic in the field or is the 
decline in its detection due to the prolonged drought (1996 to 2009)? 
 
The questions are of concern because if P. cinnamomi is still surviving as chlamydospores in the 
soil or in field-resistant plants, it might reappear as a second wave of the epidemic following the 
regeneration of susceptible host plants and the onset of favourable climatic conditions as the 
drought ends (Marsk et al., 1973; Weste, 1986; Weste, 2003; Cahill et al 2008). Re-visiting these 
sites and testing them for the presence and spread of P. cinnamomi would help assist in 
preparations to manage the disease if conditions change and a major outbreak occur? 
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Table 2.1 Different phases of Phytophthora dieback in Victoria. Information taken from 
Weste ( 2003) 
Phases of 
disease 
invasion 
Description 
P
h
as
e 
1
 
Phase 
1- A 
Introduction of the disease, death of susceptible understorey species, 
decline in species richness, highly virulent pathogen and active disease 
front (Weste and Law, 1973; Weste et al., 1973; Kennedy and Weste, 
1977). 
 
Phase 
1 - B 
Death of susceptible upperstorey plant species, active disease front 1970s 
Phase 
1- C 
Virulent and aggressive pathogen, 100% isolation of pathogen from 
infested sites until 1984 (Weste, 2003) 
 
Phase 2 Began about 3 years after the infection started and lasted until 1985. Bare 
ground was covered by field-resistant plant species including grasses and 
sedges  
 
Phase 3 Decline in isolation and pathogen population on infested sites after 1985 
(Weste, 2003). Disease progress also became very slow (Tregonning and 
Fagg, 1984). 
 
P
h
as
e 
4
 
Phase 
4 - A 
Initial regeneration of some susceptible plant species, which later became 
infested and died (1985 to 1995). Later, between 1995 and 1996, 
increase in the number of surviving susceptible plants regenerating on sites 
that had decreasing pathogen populations. Patchy isolation of the 
pathogen (Weste and Kennedy, 1997; Weste, 2003). 
 
Phase 
4 - B 
Abundant regeneration of susceptible plants at the Brisbane Ranges and 
Wilsons Promontory following control burning, but P. cinnamomi was 
isolated from some dying young plants (Weste et al., 1999). Substantial 
regeneration in the Grampians in 2000 (Weste, 2003). 
 
Phase 
4 - C 
Increase in the regeneration of susceptible and even highly susceptible 
plant species that was not observed earlier. The species richness and 
ground cover also increased despite erratic isolation of the pathogen 
(Weste, 2003).  
 
Phase 
4 - D 
Profuse re-growth of the overstorey and new growth from the base of dying 
shrubs, improved plant health and fewer symptoms of dieback were 
noticed. Isolation of active pathogen was reduced to less than 1% (Weste, 
2003). 
 
 
 
 
73 
 
2.2 Effect of fire 
Fire is a natural part of the Australian landscape, especially in South-East Australia (DPC 2003). 
The past 1996-2009 drought years have made Victoria a fire-prone state; following the 2002-03 
bushfires Victoria was identified as one of the most fire-prone regions in the world (DPC 2003). 
The intensity, frequency and season of fire have a profound effect on biodiversity of the affected 
region (Gill, 1999). Fire is also responsible for regeneration of many species from seed or root 
stock and flowering of some susceptible plant species like X. australis (Weste, 2003). Podger 
(1990) stated that surface populations of P. cinnamomi could well be reduced or eliminated 
following a fire, but the pathogen may survive and recolonise from beneath surviving trees and 
underneath rocks, including infected plant roots at lower depth (Shearer and Tippett, 1989) where 
the effect of surface fire is minimal.  Several of the sites in Weste’s permanent quadrats have 
been burnt in the fires since 2001 and there is a lack of data on the impact of wildfire on P. 
cinnamomi infection in those areas. It is therefore desirable to study the effect of fire on survival 
of P. cinnamomi.  
 
Much research has shown the detrimental effects of fire on forest diseases (Froelich et al., 1978; 
Baker, 1988, Reaves et al., 1990; Brennan and Hermann 1994). Parmeter (1977) reported the 
detrimental effects of fire and smoke on fungal pathogens. Smoke generated from wild fires 
inhibits the growth and sporulation of several fungi including Pythium ultimum, Rhizoctonia 
solani, Trichoderma viride etc. (Zagory and Parmeter 1984). The deposition of chemicals from 
smoke can affect the growth of mycelium and survival of many pathogens such as Fusarium 
oxysporum f. sp. vasinfactu, Rhizopus artocarpi (Alam et al., 2002) and foliar pathogens such as 
Phytophthora ramorum (Moritz and Odion, 2005). Wolkowskaja and Lapszin (1962) 
demonstrated that smoke solution prepared from burning beech wood eliminated spores of 
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Aspergillus and Penicillium species and that addition of an unspecified phenolic compound 
increased it fungicidal effect. It is unclear at this stage if smoke or any smoke solution has such 
inhibitory or detrimental effect on P. cinnamomi. It also remains to be examined if wild as well as 
prescribed fires and smoke had a role in the decline of P. cinnamomi in Victoria. 
 
Reaves et al. (1990) suggested that post-fire soil environments support a variety of soil microbial 
communities that are antagonistic to forest pathogens, and Erwin and Ribeiro (1996) suggested 
that competition or antibiosis with other soil micro-organisms might inhibit P. cinnamomi which 
could result in decline of P. cinnamomi population after the fires. Moritz and Odion (2005) 
studied the effect of fire on survival and isolation of P. ramorum and found that the spread of 
infection was reduced in areas previously burnt or affected by wild as well as prescribed fire. By 
contrast there have been reports of increase in disease incidence and spread of P. cinnamomi 
infection in NSW and Tasmania after wildfires (Keith, 1997). It has also been proposed that 
changes in the soil chemical balance after fire causes nutrient stress, which increases the 
susceptibility of the plant to the pathogen and hence lead to increase in infection (Moritz and 
Odion, 2005).  
 
Contradictory to the effect that smoke has on fungal pathogens, smoke or smoke-water can act as 
a stimulant for germination of many Australian native plants and others (Dixon et al., 1995; 
Dixon and Roche 1995; Vigilante et al., 1998; Sparg et al., 2006).  Flematti et al. (2004) stated 
that a compound called butenolide (3-methyl -2H-four [2,3-c] pyran-2-one) which is produced by 
burning of cellulose, is responsible for stimulating germination in plants. The presence and effect 
of butenolide in commercial smoke water formulations has been confirmed by various 
researchers (Goubitz et al., 2003; Sparg et al., 2006; Kulkarni et al., 2007). Butenolide is soluble 
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in water, stable at high temperature (melting point 118°C to 119°C) and active at low 
concentrations (1ppm to 100ppt) (Flematti et al., 2004). It is produced by smoke during forest 
fires and smoke water is produced in rain and the water used to manage fires. Its presence would 
be expected to promote germination of some susceptible plant species. It would be important 
know that if P. cinnamomi is still actively present at previously infested sites would regeneration 
of susceptible plant species lead to another minor outbreak? 
 
 
2.3 Aims 
1. To investigate if P. cinnamomi was still present and active at sites previously reported as 
infested by Weste (Weste, 2003) and Duncan and Keane (1996), following the drought, fires and 
regeneration. 
2.  To investigate the effect of smoke water on P. cinnamomi. 
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2.4 Materials and Methods 
The methods used in this chapter were as optimized in chapter 4. 
2.4.1 Sample collection 
Sampling was carried out by two different methods, grid and spot sampling, depending on the 
nature of the vegetation and the topography of the site. Samples were collected from under the 
plants that appeared diseased in visible active disease front as well as areas behind the disease 
front. Each bulk sample, of soil, plant roots and litter together, was put in a strong sealable plastic 
bag and labelled appropriately. Strict quarantine measures and sampling precautions such as the 
use of clean gloves, washing of hands, and disinfecting boots and sampling equipment were 
followed before moving to a new site while sampling. Sampling equipment was disinfected by 
dipping in bleach (5% sodium hypochlorite) between each sample. Vehicles were not taken off 
the main road and boots were cleaned using bleach prior to entering and after exiting the site 
(Reid, 2006).   
 
2.4.1.1 Grid sampling 
In the grid method (fig. 2.2) a base horizontal line of 100 m was drawn along the road and ten 
vertical transects of 60 and 30 m were laid into the forest at 10 m equal distance along the road. 
Samples were collected randomly at a depth of 10-15 cm from under the unhealthy and 
symptomatic plants if present, and from the least healthy if not. This was repeated along each 
transects and samples were homogeneously mixed to make one sample pre transect and labelled 
appropriately. A GPS reading was taken at the start and end points on the base line at each site. 
This method was successfully used by Reiter  (2002). 
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Figure 2.2 Layouts of grid sampling method.   
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2.4.1.2 Spot sampling 
Spot sampling (fig, 2.3) was carried out where laying a grid was not possible due to factors like 
steep topography or where no ground cover was visible due to fire and lack of symptoms in the 
vegetation. Number of samples collected each site differed for the same reasons. Sampling was 
carried out by randomly locating a 5 x 5 m  square quadrat in an area with apparent disease 
symptoms and collecting three samples from diseased or unhealthy appearing plants in that 
quadrat (Walchhuetter, 2002). A bulk sample of soil, plant roots and litter was collected from 10-
15 cm deep and around the base and underneath of each diseased plant. A GPS reading was taken 
for each sample and each sample was stored and analyzed individually.  
   
 
5 m
5 
m
 
Figure 2.3 Layouts of spot sampling method. 
Quadrat  
Sample collected  
Quadrat  Sampling points  
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2.4.2 Soil analysis by baiting and isolation 
All samples were moistened and incubated at 25-28°C for 2 days prior to baiting, as this 
increased P. cinnamomi detection (chapter 4). Leaves of Pimelea ferruginea Labill and 
Eucalyptus sieberi L.A.S Johnson cotyledons were used as baits, as used previously for P. 
cinnamomi isolation from soil and root samples (Marks and Kassaby, 1974; Greenhalgh, 1978; 
McDougall et al., 2002). Healthy intact leaves of P. ferruginea Labill. were plucked plants 
brought from Kuranga Native Nursery. Seedlings of E. sieberi were obtained from Ian Smith, 
School of Forest and Ecosystem Science, University of Melbourne at the cotyledon stage.  
 
The leaves and cotyledons were surface-sterilized with 70% ethanol for 30 s to 1 min and rinsed 
twice with sterile distilled water before use. Ten P. ferruginea leaves or E. sieberi cotyledons 
were baited in a 275 ml polystyrene cups (98 mm height, 70 mm top diameter and 48 mm bottom 
diameter) filled with 50 g of thoroughly mixed sampled soil, with three replications for each 
sample, and covered with 2-3 cm of sterile distilled water above the soil surface (fig. 2.4). The 
cups were incubated at 28
°
C for 2 days in the dark.  
  
After incubation, the baits were recovered from the cups, washed with sterile distilled water, 
surface-sterilized by dipping them in a beaker with 70% ethanol for 30 s, rinsed twice with sterile 
distilled water and blotted dry on sterile absorbent paper. Thereafter the baited leaves and 
cotyledons were aseptically placed onto plates with selective modified PARBH agar (fig. 2.5) 
(hymexazol 50 mg / 1 ml SDW, ampicillin 250 mg / 5 ml SDW, Rose bengal 30 mg / 1 ml SDW, 
rifampicin 10 mg / 1 ml DMSO, mycostatin (nystatin) 10 mg / 1 ml DMSO, malt extract 15 g, 
agar powder 20 g, in 1000 ml of Milli-Q water) (Jeffers and Martin, 1986) and incubated at 25
°
C 
under fluora tubes (NEC). The plates were observed daily for the next 3 days.   
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2.4.3 Morphological identification 
The growths on Petri plates were observed with a light microscope. Plates with coralloid mycelial 
growth and chlamydospore formation that resembled P. cinnamomi were subcultured. Prior to 
discarding the plates, any other growth on the modified PARBH plates was identified. To 
subculture, a mycelial piece was aseptically cut from the growth around the bait (fig. 2.6), 
transferred initially again onto plates with modified PARBH medium to remove any 
contamination and then re-subcultured onto V8 medium for further growth and studies.  
                         
 
2.4.4 Molecular identification 
 
 
 
Figure 2.4 Baiting with Pimelea ferruginea 
leaves 
Figure 2.5 Isolation of  
Phytophthora cinnamomi on modified PARBH 
medium 
Figure 2.6 Growth of  
Phytophthora cinnamomi on 
modified PARBH medium. 
Figure 2.7 Phytophthora 
cinnamomi emerging 
from the leaf bait.  
Bar = 100 µm 
Figure 2.8 Phytophthora 
cinnamomi, mycelium 
and chlamydospores.  
Bar = 100 µm 
P. cinnamomi 
growth 
P. ferruginea leaf chlamydospore hyphae  Fusarium sp. 
growth 
81 
 
The morphologically identified cultures of P. cinnamomi were grown in liquid V8 medium for 3 
days at 25
°
C. They were subjected to vacuum filtration by placing the mycelial growth onto a 
sterile filter paper, mounted in an autoclaved glass funnel, the end of which was attached to a 
vacuum tube to drain out the liquid medium. The DNA was extracted from the fresh cultures as 
described below. PCR and RFLP were performed following the method of Drenth et al.  2006 as 
described below. 
 
2.4.4 Molecular identification 
2.4.4.1 DNA extraction 
DNA was extracted using a Qiagen DNeasy Plant Mini Kit according to the manufacturer’s 
protocol. Fungal mycelium (20 mg) was ground to a fine powder with a mortar and pestle using 
liquid nitrogen, scraped into an eppendorf tube and then 400 µl of buffer AP1 and 4 µl of 
RNaseA stock solution was added and vortexed. The mixture was incubated for 10 min at 65
°
C 
and the tubes were inverted 2-3 times during incubation. Thereafter, 130 µl of buffer AP2 was 
added to the lysate and incubated for 5 min on ice, followed by applying the lysate to 
QIAshredder spin column and centrifuging for 2 min at 25200 g in a Hettich Zentrifugen E1175. 
The flow-through fraction was transferred to a new tube without disturbing the cell-debris pellet, 
1.5 volumes of buffer AP3/E was added to the tube in order to precipitate the DNA, the solution 
was mixed by pipetting and 650 µl of the solution was applied to a DNeasy Mini Spin column 
with a 2 ml collection tube and centrifuged for 1 min at 8220 g. The flow-through was discarded 
and the same step was repeated with the remaining sample. The DNeasy mini column was placed 
into a new collection tube, 500 µl of buffer AW was added and the tube was centrifuged at 8220 
g. This step was repeated after discarding the flow through but centrifuged at 25200 g. The 
DNeasy mini column was placed in a 1.5 ml microcentrifuge tube and 100 µl of pre-heated buffer 
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AE (Elution buffer) was added directly to the DNeasy membrane, incubated for 5 min at room 
temperature to dissolve the DNA and then centrifuged at 8220 g for 1 min. The extracted DNA 
was stored at -20°C.  
 
2.4.4.2 Polymerase chain reaction (PCR) 
The standard PCR mix used was 10.5 µl of PCR grade water (Sigma), 0.5 µl of each primer, 12.5 
µl of 2 X GoTaq® Green Master Mix (Promega) and 1 µl of DNA (or 1 µl of PCR grade water 
fro the blank) in a total reaction volume of 25 µl.  The following reaction cycle was kept standard 
for all the experiments: initial denaturation at 95°C for 3 min; 35 cycles of: denaturation at 94°C 
for 30 s, annealing at 50°C for 30 s, extension at 72°C for 2 min; and final extension for 10 min 
at 72°C with the final holding temperature being 4°C. 
 
The primers listed in table 2.2 were used for the molecular studies: ITS-1 and ITS-4 (White et al. 
1990) and A2 and I2 (Drenth et al., 2006). 
 
 
Table 2.2 Name and sequences of primers  
Primer Name  Oligonucleotide sequence (5’- 3’) 
ITS-1 forward TCCGTAGGTGAACCTGCGG 
ITS-4 reverse TCCTCCGCTTATTGATATGC 
A2-forward ACTTTCCACGTGAACCGTTTCAA 
I2-reverse GATATCAGGTCCAATTGAGATGC 
 
2.4.4.3 Restriction fragment length polymorphism (RFLP) 
The PCR amplicon obtained using the forward primer A2 and the reverse primer I2 was subjected 
to single digestions by three different endonuclease enzymes Rsa1 (Fermentas), Msp1 and Taq1 
(Promega). Each digestion was conducted in a total volume of 5 µl, comprising 4 µl of PCR 
amplicon, 0.5 µl of enzyme and 0.5 µl of enzyme buffer. The tubes with the sample were mixed 
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and centrifuged for 5-10 s and then incubated. Samples with enzyme Msp1 and Rsa1 were 
incubated at 37°C overnight; samples with Taq1 were incubated at 65°C for 2 h. 
2.4.4.4 Gel electrophoresis 
In order to see the PCR results, 1.4% (1.4 g low melting agarose powder, 100 ml 1X TBE) 
agarose gels were used throughout the research. The gels were run in 1X TBE (Tris base 54 g, 
boric acid 27.5 g, EDTA 20 ml, pH 8.0) at 80-100 or 100-120 volts depending on the tank size. 
The results of restriction digestion were separated on 3% agarose gel to obtain more separation of 
the smaller bands, ranging from 50 to 500 bp.  
 
2.4.4.5 DNA purification 
DNA was purified using the QIAquick PCR purification kit protocol (QIAGEN). Five volumes 
of buffer PB was added to 1 volume of PCR reaction and mixed. In order to bind the DNA, the 
sample was applied to a QIAquick column and centrifuged at 21720 g. The flow-through was 
discarded and washed with   0.75 ml of buffer PE added to the QIAquick column and the tube 
was centrifuged at 21720 g. The flow-through was discarded and the step repeated at 25200 g.  
The QIAquick column was placed in a new 1.5 ml microfuge tube and 30 µl of elution buffer was 
added to the centre of the column, allowed to stand for 1 min and centrifuged at 21720 g. Purified 
DNA was stored at -20°C for use in sequencing reactions. 
 
2.4.4.6 Sequencing - Sequence reaction 
The ingredients used for the sequencing reaction were 1 µl of BigDye Terminator mix Version 
3.1, 3.5 µl of BigDye buffer (Applied Biosystems), 1 µl of 10X diluted primers (A2- 0.56 µm and 
I2 0.55 µm), 2 µl of purified DNA template and 12.5 µl of de-ionized water to make up the 
volume to 20 µl. The following reaction cycle was standard in all reactions: initial denaturation at 
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96°C for 1 min; 25 cycles of: denaturation at 96°C for 10 s, annealing at 50°C for 5 s and 
extension at 60°C for 4 min.  
 
2.4.4.7 Sequencing - Precipitation 
The DNA was precipitated using a master mix of: 62.5 µl of 90% ethanol, 3 µl of sodium acetate 
and 14.5 µl of de-ionized water multiplied by the number of sample tubes. Twenty µl of 
sequencing reaction product was added to each tube containing 80 µl of master mix. The tubes 
were incubated at room temperature for 30 min and centrifuged for 20 min at 25200 g and the 
supernatant was poured out before adding 250 µl of 70% ethanol in each tube and centrifuging at 
25200 g for 5 min. In the final step, the supernatant was discarded by pouring out all the ethanol 
and allowing the pellet to dry completely overnight before sending for sequencing at the 
Micromon DNA sequencing facility at the Monash Biomedical Sciences Precinct, Monash 
University.   
 
2.4.5 Sample collection at Grampians National Park 
Sampling was carried out in the Grampians National Park at 13 different sites (fig. 2.9) (details in 
tables 2.3 and 2.4), including some requested by Parks Victoria.  Some sites, like the active 
quarry site and the old gravel site on Serra Road (table 2.3), were tested because the gravels from 
these sites were to be used for road construction in the park. Tracks such as the Henham Track 
(table 2.3) were tested because if P. cinnamomi was present there, it would be devastating to the 
susceptible orchid colonies. Other sites such as Syphon Road sites 1 and 2, FlatRock Crossing, 
Millstream Creek, Serra Road and Yarram Park (table 2.4) were selected on the basis that they 
had been studied previously (Weste and Kennedy 1997; Weste et al., 2002). Sites such as Reed 
Lookout, the Duck Orchid site, Mt. William and the Second Wannon Creek site (table 2.3) were 
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chosen on the basis of information available from previous sampling carried out by Reiter 
(Reiter, 2002) at the request of Parks Victoria or the Department of Sustainability and 
Environment. The aim was to study further the activity of P. cinnamomi after the fires at sites 
previously monitored by Weste and others including Noushka, Parks Victoria etc. 
 
Table 2.3 Site details of sampling in the Grampians National Park (2006-07).  
Site  GPS Reference / year of sampling 
 
Sampling 
method  
Used 
No. of 
samples 
collected 
Serra Road 
active quarry 
site 
 
(S.37°19'27.4")(E.142°27'21.0") (Elev-303 m) 
Sampled in  December-2007* 
Burnt in 2005-2006 
Spot 12 
Serra Road 
old quarry 
site 
 
(S.37°28'49.6")(E.142°28'13.4") (Elev-287 m) 
Sampled in December-2007* 
Burnt in 2005-2006 
Spot 10 
Henham 
Track 
 
Instrument error 
Sampled in December-2007* 
Burnt in 2005-2006 
Grid 23 
Reed 
Lookout  
 
(S.37°08.89.5") (E.142°26.97.5") (Elev-743 m) 
Sampled in October -2006* 
Burnt in 2005-2006 
Spot 10 
Duck Orchid 
site, North 
and South 
 
 (S.36°57.53.8") (E .42°29.61.1") (Elev-198 m) 
Sampled in October -2006* 
Unburnt 
Grid 20 
Mt William  
 
(S 37°17.34.7")(E 142°35.71.8") (Elev-970 m) 
Sampled in October-2006* 
Burnt in 2005-2006 
Spot 6 
Second 
Wannon 
Creek  
Instrument error  
Sampled in October-2006* 
Burnt in 2005-2006 
Spot 6 
 
* Sampling was carried out by me at specified month and year during the course of this study.  
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Table 2.4 Site details of sampling in the Grampians National Park (2009). 
 
Site 
GPS Reference / year of sampling Sampling 
method  
Used 
No. of  
samples  
collected 
Syphon 
Road 1 
Northern 
Grampians 
(S.37°13' 27.8") (E.142° 21'4.8") (Elev-225 m) 
Sampled in June-2009*  
Burnt in 2005-2006 
 
Spot 15 
Syphon 
Road 2 
Northern 
Grampians 
(S.37°13'35.6")(E.142°21' 14.8") (Elev-222 m) 
Sampled in June-2009*  
Burnt in 2005-2006 
 
Spot 15 
Flat Rock 
Crossing 
Northern 
Grampians 
(S.37°09'58.1")(E.142°26' 20.0") (Elev-283 m) 
Sampled in June-2009*  
Burnt in 2005-2006 
 
Spot 10 
Millstream 
Creek 
Northern 
Grampians 
(S.37°06'57.9")(E.142°25'45.9") (Elev-449 m) 
Sampled in June-2009*  
Burnt in 2005-2006 
 
Spot 17 
Serra 
Road 
Southern 
Grampians 
(S.37°17'27.7")(E.142°25'36.1") (Elev-257 m) 
Sampled in May-2009*  
Burnt in 2005-2006 
 
Spot 20 
Yarram 
Park  
Southern 
Grampians 
(S.37°24'50.8")(E.142°32'02.2") (Elev-316 m) 
Sampled in May-2009*  
Burnt in 2005-2006 
 
Spot 15 
* Sampling was carried out by me at specified month and year during the course of this study. 
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Reed Lookout
Flat Rock Crossing
Millstream Creek
Duck Orchid Site
Syphon Rd 1
Syphon Rd 2
Serra Rd
Old
quarry site
Active quarry site
Henham Track
2nd Wannon Creek
Mt William 
Yarram Park 
Sampling sites
Fire boundary
 
Figure 2.9 Location of sampling sites in the Grampians National Park (map is from Parks 
Vctoria). 
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2.4.5.1 Serra Road active quarry  
The site was an active quarry as the gravel from this site was designated for road construction in 
the park. It had not been tested earlier and tests were completed at the request of the Ranger to 
check if the gravel was P. cinnamomi-free and so useable. Samples were collected from any 
diseased-looking susceptible plant including X. australis R.Br. (fig. 2.10 D), Leptospermum 
scoparium J.R. Frost and G. Frost, Leptospermum myrsinoides Schltdl., Banksia marginata Cav. 
and the bare gravel was also sampled. 
 
2.4.5.2 Serra Road old gravel  
The gravel at this site was not being used but had been used in the past and hence needed to be 
checked if it was infected with P. cinnamomi. The vegetation on the site was healthy. Samples 
were taken from the gravel dump and surrounding vegetation. 
 
2.4.5.3 Henham Track  
Sampling at this site was carried out for Parks Victoria as there were endangered orchids growing 
around this site and it was necessary to know if P. cinnamomi was present in the surrounding 
vegetation or soil. The site was bare with little vegetation on the ground, probably due to the 
2006 fires. 
 
2.4.5.4 Reed Lookout  
The site was previously reported as infested by Reiter (Reiter, 2002). Samples were taken from 
underneath Leptospermum scoparium J.R. Frost and G. Frost (fig. 2.10 A) and Banksia saxicola 
A.S. George plants that had yellow necrotic foliage. A total of 10 samples was taken from 
alternate sides of the walking track. 
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2.4.5.5 Duck Orchid site North and South 
P. cinnamomi was detected at this site by Reiter in 2002 (Reiter, 2002). The vegetation consisted 
mainly of eucalypt woodland and heathland. It was affected by the 2006 fires. Samples were 
collected every 10 m in the forest on a 100 m base line drawn along the road, on both sides of the 
road in the same manner. 
 
2.4.5.6 Mt William 
Infection was recorded at Mt William in 2002 (Reiter, 2002). Six samples were collected from 
diseased-looking B. saxicola (fig. 2.10 B), the endangered Pimelea pagophila Rye and Pultenaea 
subalpina (F. Muell.) Druce. The site was also affected by the 2006 bushfires. 
 
2.4.5.7 Second Wannon Creek  
The site was recorded as infested (Reiter, 2002). It was badly affected by the 2006 fires and 
hardly any vegetation was present on the ground. Samples were collected from unhealthy-looking 
vegetation near the fences (fig. 2.10 C). 
 
2.4.5.8 Syphon Road sites 1 and 2 
The site had been recorded as infested in 2000 (Weste et al., 2002). Regeneration of                   
X. australis (fig. 2.10 F) was observed at the site following the fires in 2005-2006.  A total of 30 
samples (15 from each site) was taken from symptomatic B. marginata and  X. australis plants. 
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2.4.5.9 Flat Rock Crossing 
The site was infested in 1984 but not in 2000 (Weste et al., 2002). It was also affected by the 
2006 bush fires. Most of the vegetation that was re-growing after the fires appeared healthy. 
Samples were collected from regenerating as well as any visibly unhealthy plants of X. australis, 
B. marginata or Leptospermum myrsinoides. 
 
2.4.5.10 Millstream Creek  
Infection was last found at this site in 1995; no pathogen was detected in 2000 (Weste et al., 
2002). A total of 17 samples were collected from regenerating and unhealthy-looking susceptible 
plants. 
 
2.4.5.11 Serra Road 
The site was reported as infested in 2000 (Weste et al., 2002). The site had been burnt in the 2006 
fires and regeneration of X. australis was also observed at this site. Twenty samples were 
collected from dead and dying X. australis (fig. 2.10 D), unhealthy L. myrsinoides, and B. 
marginata plants. 
 
2.4.5.12 Yarram Park  
The site was burnt in the 2006 fires and healthy young regeneration was observed on the burnt X. 
australis plants (fig. 2.10 E). Infection was reported at this site in 2000 (Weste et al., 2002).  
Fifteen samples were collected from regenerating and dead X. australis, yellowing tea trees        
(L. myrsinoides), and unhealthy-looking B. marginata plants. 
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Figure 2.10 Infection and regeneration at sampling sites in the Grampians National Park. 
 
 
 
Dying tea tree at Reed Lookout Sampling at Second Wannon Creek 
Infected Banksia saxicola at Mt William Disease symptoms in X. australis at Serra Road 
New growth from the burnt X. australis at Yarram Park. 
Regeneration of X. australis at Syphon Road.  
A C 
B D 
E 
F 
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2.4.6 Sample collection at the Brisbane Ranges National Park 
Sampling was carried out at five different sites (table 2.5) in the Brisbane Ranges National Park, 
Victoria (fig. 2.11). Site selection was based on earlier P. cinnamomi research carried out at the 
Brisbane Ranges (Weste and Ashton, 1994; Peters and Weste, 1997; Weste et al., 1999; Weste, 
2003). All sites were in the infested region as shown in the map (fig. 2.11). Fire and infection 
information and map (fig. 2.11) was provided by Des Peters (Program Manager, Parks Victoria).  
Geebung track
Marshall road
Hut’s road
Eclipse road
Wild flower track
 
Figure 2.11 Location of sampling sites in the Brisbane Ranges National Park                   
(Des Peters, 2008, pers. comm.). 
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Table 2.5 Site details of sampling at the Brisbane Ranges National Park. 
 
Site GPS Reference / year of sampling Sampling 
method  
used 
No. of 
samples  
collected 
Geebung Track  
(fig. 2.12 A & 
B) 
(S.37°51'18.4")(E.144°13'35.1") (Elev-351 m)  
Sampling May, June-2008*  
Burnt in 2006 
Grid 22 
Wildflower 
Track  
(fig. 2.12 C,D,E
F & G) 
(S.37°52'43.8")(E.144°12' 08.1") (Elev-355 m) 
Sampling September-2008*  
Burnt in 2006 
Grid and 
Spot 
69 
Marshall Road (S.37°49'14.2")(E.144°15' 05.3") (Elev-383 m) 
Sampling November-2008* 
Burnt in 2006 
Spot 25 
Hut Road 
(fig. 2.12 H & I) 
(S.37°51'54.2")(E.144°10' 57.7") (Elev-371 m) 
Sampling March, April-2009*  
Not burnt in 2006 
Grid 22 
Eclipse Road 
(fig. 2.12  J) 
(S.37°50'52.9")(E.144°09' 12.5") (Elev-375 m) 
Sampling April-2009*  
control burnt 2007 
Spot 25 
* Sampling was carried out by me at specified month and year during the course of this study. 
2.4.6.1 Geebung Track 
Regeneration of susceptible plants and decline in P. cinnamomi isolation was reported at this site 
by Weste and co-workers (1999).  Twenty-two samples were collected from a 100 m × 60 m area 
by the grid method (fig. 2.12 B). Disease symptoms were observed on new sprouts of B. 
marginata from underground stems. A clear boundary of the disease was visible on the site (fig. 
2.12-A). 
 
2.4.6.2 Wildflower Track 
The site had been reported as infested on the map (fig. 2.11 and fig. 2.12 C). One side of the track 
was burnt in the 2006 fires, whereas the other side was not (fig. 2.12 D). A total of 40 samples 
was collected from a 100 m × 60 m grid area on both sides of the track. Another 29 samples was 
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collected from further down the track into the valley, towards a creek, by spot sampling (fig. 2.12 
E, F & G). Symptoms of infection were apparent on   X. australis in the valley region. 
2.4.6.3 Marshall Road 
The site had been reported as infested (Weste and Ashton, 1994; Peters and Weste, 1997; Weste 
et al., 1999) and was burnt in the 2006 fires. A total of 25 samples was collected from diseased-
looking B. marginata and tea tree (L. myrsinoides) on the eastern side of the track and from 
regenerating X. australis, unhealthy L. myrsinoides, X. australis and B. marginata on the western 
side of the road.  
 
2.4.6.4 Hut Road 
The site was recorded as infested previously and unburnt in the 2006 fires (fig. 2.11) (Des Peters, 
pers. comm.). A total of 22 samples was collected from a grid area of 100 m × 60 m on both sides 
of the road. Healthy and vigorous regeneration of X. australis was observed at the site (fig. 2.12H 
and I). 
 
2.4.6.5 Eclipse Road 
The site was located outside the bushfire-affected area (fig. 2.11), but was subjected to control 
burning around 2007 and was reported to be infested prior to 2006 (Des Peters, pers. comm.). 
Sampling was carried out on Eclipse Road, Cooks Track and the area between Cooks Track and 
Graham Creek Road. Less but healthy regeneration of X. australis was observed at all locations. 
A total of 25 samples were collected by spot sampling from dead X. australis, regenerating X. 
australis, and Eucalyptus species. 
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Figure 2.12 Sampling sites at the Brisbane Ranges National Park (continued over leaf). 
 
Geebung Track, Dieback on 
Eucalypts. Understorey covered by 
sedges, grasses and field-resistant 
plants such as L. myrsinoides. 
Grid sampling at the Geebung Track. 
A B 
C D 
F 
Sampling site at Wildflower Track.                      burnt side               unburnt side  
                                                                                       Wildflower Track 
E 
Diseased X. australis, further down the valley on Wildflower Track. 
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Figure 2.12 Sampling sites at the Brisbane Ranges National Park (continued). 
 
 
 
Sampling at Hut Road -  
regenerating X. australis. 
Healthy regeneration of X .australis  
at Hut Road.  
J K L 
Junction of Grahams 
Creek Road and Eclipse 
Road control burn area. 
Regeneration from 
burnt X. australis at 
Eclipse Road. 
Regeneration of X. australis 
on burnt side of Grahams 
Creek Road. 
M N 
Junction of Grahams 
Creek Road and Eclipse 
Road unburnt area. 
Vigorous regeneration of X. australis  
on unburnt side of Grahams Creek 
Road.  
H I 
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2.4.7 Sample collection at the Port Campbell National Park 
Sampling was conducted at two sites in Port Campbell National Park (table 2.6). The first, the 
Metallic Sun orchid site, was tested for Parks Victoria in order to assess if the endangered 
Metallic Sun orchids were close to a P. cinnamomi infection; a grid of 80 X 100 m
2
 was laid out 
and 25 samples were collected at 20 m intervals on the transect.  
 
The second, the Rifle Range site (fig. 2.13) was found to be infested in 2004 (Noushka Reiter, 
2004 pers. comm.). Previously collected cultures and DNA of isolates from this site were 
provided by Noushka Reiter as a reference. The site was re-sampled to find if it was still infested. 
Sampling was carried out at the precise locations where P. cinnamomi had been found previously 
(table 2.7 from Reiter, 2004 pers. comm.) based on a report for Woodside Petroleum by Reiter. 
Thirteen samples were collected by following the layout (fig. 2.14) from the Woodside report 
(Reiter, 2004 pers. comm.)  
 
Figure 2.13 Phytophthora cinnamomi sampling site at the Port Campbell Rifle Range       
(Noushka Reiter, 2004 pers. comm.). 
 
 
 
N Sampling grid boundary 
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Figure 2.14 Layout of Port Campbell Rifle Range sampling grid (Noushka Reiter, 2004, 
pers. comm.). 
 
Table 2.6 Site details of sampling at the Port Campbell National Park (Rifle range). 
Site GPS Reference / year of sampling Sampling 
method  
used 
No. of 
samples  
Collected 
Port Campbell 
Metallic  
Sun Orchid site 
(S.38°37'26.3")(E.143°00'33.0") (Elev-60 m) 
Sampling December-2007* 
 Unburnt 
Grid 25 
Port Campbell 
Rifle Range 
site (fig. 2.12) 
(S.38°37'22.2")(E.142°58'27.6") (Elev-72 m) 
Sampling December-2007*  
Unburnt 
Grid 13 
* Sampling was carried out by me at specified month and year during the course of this study. 
 
Table 2.7 Sample numbers and their location on the layout of Port Campbell National Park 
Rifle Range. 
Serial no Sample no. Location on the Layout 
1 A At the start of A1 (between A1 and A2) 
2 A-10 10 m from A1 (between A1 and A2) 
3 A-130 130 m from A1 (between A1 and A2) 
4 B-5 5 m from B 
5 B-510 510 m from B  
6 C At the start of C 
7 C-345 345 m from C 
8 C-440 440 m from C 
9 D-25 25 m from D1 (between D1 and D2) 
10 D-35 35 m from D1 (between D1 and D2) 
11 E-5 5 m from E1 (between E1 and E2) 
12 I-10 10 m from I 
13 R1 At the start from R 
* Sampling was carried out by me based on the previous sampling layout by Reiter 2004. 
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2.4.8 Sample collection at the Kinglake National Park 
Most of Kinglake National Park was burnt during the February 2009 fires. Sampling was carried 
out at five sites in the park (fig. 2.15) in July-August 2009 and September 2010 in order to assess 
the viability and spread of P. cinnamomi after the fires. All sites except some parts of the 
Captain’s Creek site were completely burnt. Site locations and individual sampling points were 
marked by GPS (table 2.8).  Sites were chosen on the basis that they were either reported as 
infested in the literature (Old Mt Slide Road; Duncan and Keane, 1996) or known as previously 
infested by the Park Ranger (Natalie Brida, Parks Victoria, pers. comm.). 
Captains Creek
Old Mt Slide Rd
Mt Beggary
Mt Sugarloaf 1
Mt Sugar loaf 2
Sampling sites
 
Figure 2.15 Location of sampling sites in the Kinglake National Park (Fire map provided by 
Natalie Brida, Parks Victoria, pers. comm.). 
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Table 2.8 Site details of sampling at the Kinglake National Park. 
Site GPS Reference / year of 
sampling 
Sampling 
method  
used 
No. of 
samples  
collected 
2009 
No. of 
samples  
collected 
2010 
Old Mt Slide 
Road  
(fig. 2.16 A & 
B) 
(S.37°33'33.7")(E.145°22'34.9") 
(Elev-251 m)  
Sampling July-2009*  
Resampling in September 2010* 
Burnt in February 2009 
Spot 44 18 
Mt Beggary 
(fig. 2.16 C & 
D) 
(S.37°33' 22.7")(E.145°20'17.1") 
(Elev-410 m)  
Sampling August-2009* 
Resampling in September 2010* 
Burnt in February 2009 
Spot 40 15 
Captains 
Creek 
Road (fig. 
2.16 E & F) 
(S.37°28' 31.1")(E.145°20'38.4") 
(Elev-538 m)  
Sampling August- 2009* 
Resampling in September 2010* 
Partly burnt in February 2009 
Spot Burnt  
area -16 
 
Burnt 
area-10 
 
Unburnt  
area-4 
Unburnt  
area-5 
Mt Sugarloaf 
site -1 
Wallaby Track 
(fig. 2.16 G & 
H) 
(S.37°29' 53.9")(E.145°14'43.0") 
(Elev-478 m)  
Sampling August-2009* 
Resampling in September 2010* 
Burnt in February 2009 
Spot 40 20 
Mt Sugarloaf 
site-2 
Walking 
Track  
(S.37°30' 43.6")(E.145°15'05.0") 
(Elev-489 m)  
Sampling August-2009*  
Resampling in September 2010* 
Burnt in February 2009 
Spot 30 12 
* Sampling was carried out by me at specified month and year during the course of this study. 
 
2.4.8.1 Old Mt Slide Road  
Sampling in July 2009, 5 months after the fires, was carried out at two depths: 1 (0-10 cm depth) 
and 2 (15-25 cm depth) at the same spot (fig. 2.16 A). Forty-four samples were collected in total 
during July 2009 and 18 samples were collected from a depth of 5-15 cm in September 2010, 19 
months after the fires (fig. 2.16 B). During the 2009 sampling, the soil surface was hard with no 
signs of moisture to a depth of 25 cm; however, in 2010 the soil surface was soft and moist and 
easier to dig than in July 2009.  
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 2.4.8.2 Mt Beggary 
There was no vegetation on the ground other than regenerating and flowering X. australis in 2009 
(fig. 2.16 C). A total of 40 samples was collected in August 2009 at two depths. Fifteen samples 
were collected in September 2010 (fig. 2.16 D) from soil that was moister than in 2009 around 
dying X. australis.  
 
2.4.8.3 Captains Creek Road 
The site had patches of burnt and unburnt areas. Samples were collected in July 2009 from both 
areas at only one depth (10-20 cm from the surface). The site had moist soil and in some places 
was very damp. Young Eucalyptus sp. were seen planted all over the site (fig. 2.16 E). Two 
species of Phytophthora were found previously on the site: P. cinnamomi and P. fallax (Ian 
Smith, University of Melbourne, pers. comm., unpublished data). Twenty samples were collected 
from near the planted Eucalyptus sp. in August 2009 and 15 samples were collected from the 
same area in September 2010. 
 
2.4.8.4 Mt Sugarloaf-1 Wallaby Track 
Forty samples at two depths were collected in 2009 and 20 samples were collected in September 
2010 from stumps of dead, burnt, yellowing and regenerating X. australis. Healthy-looking 
flowering X. australis plants were the only ground vegetation observed in 2009 (fig. 2.16 G); 
however, diseased X. australis along with other ground vegetation was observed at the same site 
in 2010 (fig. 2.16 H). 
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2.4.8.5 Mt Sugarloaf-2 Walking Track 
Regenerating and flowering X. australis plants were the only ground vegetation in 2009, but new 
growth of several understory species and upper storey eucalyptus was observed in 2010. Thirty 
samples were collected in 2009 and 12 samples were collected in 2010 from visibly diseased X. 
australis plants with yellowing foliage or plants that did not regenerate.  
 
            
 
 
 
 
         
 
 
 
 
Figure 2.16 Sampling sites at the Kinglake National Park. (Cont. next page) 
 
D C 
Regeneration of X. australis at  
Mt Beggary, August 2009  
A 
Flowering of X. australis at  
Old Mt Slide Road, July 2009 
B 
Diseased X. australis at  
Old Mt Slide Road, Sep 2010 
Diseased X. australis at  
Mt Beggary, September 2010 
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Figure 2.16 (Continued) Sampling sites at the Kinglake National Park. 
 
 
 
 
 
 
 
 
 
Regeneration of X. australis at  
Mt Sugarloaf-1 Wallaby Track 
August 2009 
Captains Creek Road August 2009 
. E 
Planted Eucalyptus sp. at  
Captains Creek September 2010 
G 
F 
H 
Diseased X. australis at  
Mt Sugarloaf -1 Wallaby 
Track, September 2010 
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2.4.9 Sample collection at the Wilsons Promontory National Park 
Much of the area (50%) in the park was affected by the February 2009 fires (fig. 2.17); many of 
the sites tested were burnt. The study sites (fig. 2.18) were selected on the basis that past research 
had found declining P. cinnamomi infection (Weste and Law, 1973; Weste, 1975; Weste, 1981; 
Bluett et al., 2003). The information for all the study sites is summarized in table 2.9. Samples 
were collected from roots of susceptible plants such as X. australis, Banksia spp, and tea tree 
(Leptospermum sp.) that showed disease symptoms.  
 
Figure 2.17 Map of fire-affected area at the Wilsons Promontory National Park (DSE 2009)          
National Park area            Burnt area  
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Five Miles Road. junction of 
Millers landing and Verker 
Lookout
Darby Saddle 1 
and 2
Lilly Pilly Gully 
car park, foothill 
of Mt Bishop
Mt Oberon 
Summit
Windy Saddle near 
Mt. Oberon car park
Telegraph Track 
near Mt. Oberon 
car park
Mushroom Rock 
Track opposite Lilly 
Pilly Gully car park
Near Lilly Pilly Gully on
Wilson Promontory Road, 
Sampling sites
 
Figure 2.18 Location of sampling sites at the Wilson Promontory National Park.  
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Table 2.9 Site details of sampling at the Wilson Promontory National Parks. 
Site GPS Reference / year of sampling Sampling 
method  
used 
No. of 
samples  
collected 
Five Mile Road - 
junction of Millers 
Landing and Vereker 
Lookout 
(S.38°54’58.1”)(E.146°19’02.2”) 
(Elev-128 m) 
Sampling September 2009*  
Burnt in February 2009. 
Spot 15 
Darby Saddle 1 (S.38°59’22.3”)(E.146°17’38.2”) 
(Elev-65 m)  
Sampling September 2009*  
Burnt in February 2009. 
Spot 20 
Darby Saddle 2 (S.38°59’31.2”)(E.146°17’29.9”) 
(Elev-63 m)  
Sampling September 2009*  
Burnt in February 2009. 
Spot 15 
Lilly Pilly Gully car 
park, foothill of Mt 
Bishop 
(S.39°01’18.3”)(E.146°19’08.9”) 
(Elev-52 m)  
Sampling September 2009*  
Burnt in February 2009. 
Spot 15 
Mt Oberon summit  (S.39°02’17.9”)(E.146°20’46.4”) 
(Elev-503 m)  
Sampling November 2009*  
Burnt in February 2009. 
Spot 17 
Windy Saddle near  
Mt Oberon car park  
(S.39°01’57.2”)(E.146°21’21.0”) 
(Elev-210 m)  
Sampling November 2009*  
Burnt in February 2009. 
Spot 5 
Telegraph Track near 
Mt Oberon car park 
(S.39°02’04.7”)(E.146°21’23.8”) 
(Elev-194 m)  
Sampling November 2009*  
Burnt in February 2009. 
Spot 10 
Mushroom Rock 
Track opposite Lilly 
Pilly Gully car park  
(S.39°01’28.9”)(E.146°19’21.7”) 
(Elev-57 m)  
Sampling November 2009*  
Not burnt in February 2009. 
Spot 10 
Near Lilly Pilly Gully 
on Wilsons 
Promontory Road  
(S.39°01’08.3”)(E.146°18’40.7”) 
(Elev-33 m)  
Sampling September 2009*  
Burnt in February 2009. 
Spot 15 
* Sampling was carried out by me at specified month and year during the course of this study. 
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2.4.9.1 Five Mile Road-junction of Millers Landing and Vereker Lookout (site A) 
 
The site was located at the junction of Millers Landing and Vereker Track. The site was last 
reported to be infested in 2003 (Bluett et al., 2003). Fifteen samples were collected from this site. 
There was a lot of regeneration and flowering of X. australis after the recent fires and rain. The 
vegetation showed clear symptoms of infection, e.g. yellowing Banksia serrata L.f. and X. 
australis (fig. 2.19 A & B), and drooping flowering stalks of X. australis (fig. 2.19 C).  
 
2.4.9.2 Darby Saddle 1 (site B) 
The site was located along Wilsons Promontory Road, on the slopes of Darby Saddle   (fig. 2.18 
and fig. 2.19 D). The vegetation consisted mainly of B. serrata. The site was burnt in the 2009 
fires. P. cinnamomi was isolated from this site in 1971 (Weste and Law 1973), 1975 (Weste, 
1975) and was last reported as infested in 2003 (Bluett et al., 2003).  
 
2.4.9.3 Darby Saddle 2 (site D)  
The site was also located on the Wilsons Promontory Road but south of site 1         (Weste, 1975) 
(fig. 2.19 E & F). Regeneration and flowering of X. australis was observed following the bush 
fires. P. cinnamomi was isolated from this site in 1996 (Weste, 2003 and was last isolated in 2003 
(Bluett et al., 2003).  
 
2.4.9.4 Lilly Pilly Gully car park, foothill of Mt Bishop (site F) 
The site (fig. 2.18) was burnt in the 2009 fires and no ground vegetation was present. Samples 
were collected from diseased X. australis, tea trees (Leptospermum spp.), and underneath 
Eucalyptus sp. trees which had new sprouts of leaves growing on the trunks. The new growth was 
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not healthy as the leaves were chlorotic, yellowing and wrinkled. It was reported as infested in 
1975 and 1996 but not in 2000 (Weste, 2003). 
 
2.4.9.5 Mt Oberon Summit (site G) 
The site was located at the top of Mt Oberon (fig. 2.18); the samples were collected along the 
first three bends in the road while coming down the road from the summit. X. australis, Banksia 
sp. and tea tree (Leptospermum sp.) were the main plants from which the samples were collected. 
The sampling areas at the summit and along the track did not appear burnt. Infection was last 
reported at this site in 2003 (Bluett et al., 2003). 
 
2.4.9.6. Windy Saddle near Mt. Oberon car park (site H) 
This was an unburnt site located near the Mt Oberon car park (fig. 2.18). Samples were collected 
along both the sides of the walking track; most of the samples were from dead and diseased X. 
australis. The disease was noticed only for the 500 m at the beginning of the track. Regenerating 
X. australis were observed down the track and on the sides of the slope. This site was last tested 
and was infested in 2003 (Bluett et al., 2003).  
 
2.4.9.7 Telegraph Track near Mt. Oberon car park (site I) 
The site was located about 500 m down the track from the Mt Oberon Car Park (fig. 2.18). Ample 
regeneration of X. australis was observed along the track after the fires. Sampling was carried out 
on both sides of the track and from diseased X. australis and tea trees (Leptospermum spp.). The 
site was last reported as infested in 2003 (Bluett et al., 2003). 
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2.4.9.8 Mushroom Rock Track opposite Lilly Pilly Gully car park (site T)  
The site was located opposite Lilly Pilly Gully car park (fig. 2.18 and fig. 2.19 G). There were 
visible signs of disease at the track and also downhill; no signs of active regeneration or fire 
damage were observed at this site. The site was last reported as infested in 2003 (Weste, 2003; 
Bluett et al., 2003) 
 
2.4.9.9 Near Lilly Pilly Gully on Wilsons Promontory Road (site Y) 
The site was unburnt and infection symptoms were visible on the dying X .australis plants (fig. 
2.19 H); samples were collected from close to these.  Infection was last reported in 1975 but not 
in 2000 and 2003 (Weste, 2003; Bluett et al., 2003).  
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Figure 2.19 Sampling sites at the Wilson Promontory National Park. 
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2.4.10 Evaluating the effect of smoke water on mycelial growth of Phytophthora cinnamomi 
Commercial smoke water was bought from Grayson, Regen-2000 Tecnica, Pty Ltd (water, wood 
smoke, emulsifier and food colour 129). A sequenced and identified isolate of P. cinnamomi 
(Isolate 21, Geebung Track) was initially grown on normal V8 juice agar for 5 days. Petri plates 
with different concentrations of smoke water in V8 agar were prepared by using different 
concentrations of smoke water (0.0089%, 0.8%, 8%, 16%, 32%, 48%, 64% and 80% prepared by 
diluting the commercial grade smoke water with Milli-Q water), in V8 Juice agar- (20 ml V8 
Juice, 80 ml diluted or concentrated smoke water, 0.2 g CaCO3, 2 g agar powder) and autoclaved 
at 121°C for 20 min. The experiment was replicated five times for each concentration. Mycelial 
blocks of 5 mm from 5-day old cultures were sub-cultured on to the Petri plates containing smoke 
water-V8 juice agar (fig. 2.20 B, C&D) and also on to a control plate with normal V8 juice agar 
(fig. 2.20 A). The plates were incubated at 24˚C and the diameter of mycelial growth was 
measured at intervals of 24 hours for 5 days.  
                
 
 
                 
 
 
Figure 2.20 Growth of Phytophthora cinnamomi on different concentrations of smoke 
water-V8-juice agar at day 4. 
 
 
 
Normal V8 juice agar 8% smoke water V8 juice agar 
16% smoke water V8 juice agar 
 
32% smoke water V8 juice agar 
 
A B 
D 
C 
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2.5 Results 
 
2.5.1 Results of individual sites in the Grampians National Park 
Out of the 13 sites in Grampians, P. cinnamomi was detected at only 6 (46%) of the sites (table 
2.10) (fig. 2.21) and in 6% of samples (table 2.10). The greatest recovery rate was at Reed 
Lookout (40%) followed by Mt William (17%), Millstream Creek (12%) and Flat Rock Crossing 
(10%). The least was 7% at Syphon Road and Yarram Park Road. Only 2/7 sites (29%) were 
infested in 2006- sampling, 8 months after the fire, whereas 4/6 sites (67%) were found infested 
in 2009 3.2 years after the fire.  
 
Cultures isolated from Syphon Road 1, Flat Rock Crossing, Millstream Creek and Yarram Park 
were identified only morphologically as P. cinnamomi. Molecular identification of these cultures 
was not carried out as they were lost to mite contamination. Cultures isolated from Reed Lookout 
and Mt William were identified molecularly as P. cinnamomi using Drenth’s PCR-RFLP method 
(fig. 2.22). All cultures identified morphologically as P. cinnamomi showed the bands typical of 
P. cinnamomi with each of the endonucleases. Blast searches of the ITS sequences on Genebank 
showed that most matched P. cinnamomi sequences closely but RL-1 matched most closely to 
Vouchered mycorrhizae (DQ 028819.1) and RL-9 to Pythium undulatum and Rl-6 as T.viride 
(table 2.11). 
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Table 2.10 Sampling results at sites in the Grampians National Park. 
 
Sites and year of sampling No. of samples 
collected 
No. of samples 
with 
P. cinnamomi 
% of 
samples 
Infested 
Serra Road active quarry site (2007) 
 
12 0 0 
Serra Road old quarry site (2007) 
 
10 0 0 
Henham Track (2007) 
 
23 0 0 
Reed Lookout (2006) 
 
10 4 40 
Duck Orchid site, North and South (2006) 
 
20 0 0 
Mt William (2006) 
 
6 1 16.6 
Second Wannon Creek (2006) 
 
6 0 0 
Syphon Road 1 (2009) 
 
15 1 6.6 
Syphon Road 2 (2009) 
 
15 0 0 
Flat Rock Crossing (2009) 
 
10 1 10 
Millstream Creek (2009) 
 
17 2 11.8 
Serra Road (2009) 
 
20 0 0 
Yarram Park (2009) 
 
15 1 6.6 
TOTAL 
 
179 10 5.6 
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Reed Lookout
Flat Rock Crossing
Millstream Creek
Duck Orchid site
Syphon Road 1
Syphon Road 2
Serra Road
Old
quarry site
Active quarry site
Henham Track
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Mt. William 
Yarram Park 
P. cinnamomi absent
P. cinnamomi present
Fire boundary
 
Figure 2.21 Map of the Grampians National Park showing the locations of infested and 
uninfested study sites and the area affected by the 2005-2006 fire. 
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Table 2.11 Details of individual samples from the Grampians National Park used for 
morphological and molecular identification. 
 
Isolate no. Location Plant species Closest match on GenBank 
 
RL1 Reed Lookout  Various spp. 99% Ceratobasidium sp.  
GQ 405550.1 
99% Vouchered mycorrhizae  
DQ 028819.1 
 
RL2 Reed Lookout  Various spp. 99% Phytophthora cinnamomi 
GU 191210.1 
 
RL3 Reed Lookout  Various spp. 99% Phytophthora cinnamomi 
GU 191210.1 
 
RL 4 Reed Lookout  Various spp. 100% Phytophthora cinnamomi 
GU 191210.1 
 
RL6* Reed Lookout  Various spp.  98% Trichoderma viride 
HM 776435.1 
 
RL9* Reed Lookout  Various spp. 99% Pythium undulatum  
FJ 802126.1 
 
MwBs2 Mt William  Banksia saxicola 100% Phytophthora cinnamomi 
GU 191210.1 
 
S 1 Syphon Road  Banksia  sp. Phytophthora cinnamomi 
 
F 2 Flat Rock Crossing  X. australis Phytophthora cinnamomi 
 
M 15 Millstream Creek  X. australis Phytophthora cinnamomi 
 
M 17 Millstream Creek  Tea tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
Y 15 Yarram Park 
 
Banksia sp. Phytophthora cinnamomi 
* Sample RL6 and RL9 were not included for molecular identification to know what fungus they 
were, as RL6 did show as faint band in PCR results.  
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Figure 2.22 Molecular analysis of isolates from Reed lookout and Mt William. 
 
Figure 2.22-A PCR products of seven isolates identified morphologically as Phytophthora 
cinnamomi, with A2 / I2 primers Lane 1: 100 bp ladder, lane 2: blank, lane 3: RL1, lane 4: RL2, 
lane 5: RL3, lane 6: RL4, lane 7: RL6, lane 8: RL9, lane 9: MWBs2. Figure 2.22-B Restriction 
digest patterns of the PCR amplicon after using A2 and I2 primers. With Msp1. Lane 1: 100bp 
ladder, lane 2: RL1, lane 3: RL2, lane 4: RL3, lane 5: RL4, lane 6: RL6, lane 7: RL9, lane 8: 
MWBs2, lane 9: blank, lane 10: 100 bp ladder. With Rsa1 lane 11: RL1, lane 12: RL2, lane 13: 
RL3, lane 14: RL4, lane 15: RL6, lane 16: RL9, lane 17: MWBs2. Figure 2.22-C Restriction 
digest patterns with Taq1 of the PCR amplicon after using A2 and I2 primers. Lane 1: 100 bp 
ladder, lane 2: RL1, lane 3: RL2, lane 4: RL3, lane 5: RL4, lane 6: RL6, lane 7: RL9, lane 8: 
MWBs2. 
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2.5.2 Results of individual sites in the Brisbane Ranges National Park 
Sixty percent of the sites tested in Brisbane Ranges National Park were infested with P. 
cinnamomi (3 out of 5) (table 2.12, fig. 2.23). Of the samples tested, 9.81% yielded P. 
cinnamomi. The Geebung Track had the greatest recovery rate of (50%) followed by the 
Wildflower Track (6%) and Marshall Road (4%), P. cinnamomi was not detected at either the 
Hut road or the Eclipse Road site (table 2.12). At Wildflower Track, infection was detected in 
four samples collected in the valley region by spot sampling but not on either side of the track by 
grid sampling. No other Phytophthora species was identified from any of the sites.  
 
Cultures isolated from Wildflower Track and Marshall Road were lost due to mite contamination 
and hence were only identified morphologically (table 2.13) and not by Drenth’s DNA based 
method. Molecular identification of all Geebung Track cultures showed that they all had the 
diagnostic PCR-RFLP patterns for P. cinnamomi (fig. 2.24). Sequencing of two isolates 
confirmed that their closest matches on GenBank were P. cinnamomi (table 2.13).  
 
Table 2.12 Sampling results at sites in the Brisbane Ranges National Park. 
 
Site No. of 
samples 
collected 
No. of 
samples with 
P. cinnamomi 
% of 
samples 
Infested 
Geebung Track (2008) 22 11 50 
Wildflower Track (2008) 69 4 5.8 
Marshall Road (2008) 25 1 4.0 
Hut Road (2009) 22 0 0 
Eclipse Road (2009) 25 0 0 
TOTAL 163 16 9.81 
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Geebung Track
Marshall Road
Hut Road
Eclipse Road
Wildflower Track
P. cinnamomi absent
P. cinnamomi present
 
 
Figure 2.23 Map of Brisbane Ranges National Park showing the locations of infested and 
uninfested study sites and the area affected by the 2006 fire. 
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Table 2.13 Details of individual samples from the Brisbane Ranges National Park used for 
morphological and molecular identification 
Isolate no. Location Plant species Closest match on GenBank 
G 1 Geebung Track  Tea tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
G 4 Geebung Track  Tea tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
G 5 Geebung Track  Tea tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
G 8 Geebung Track  Tea tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
G 11 Geebung Track  Banksia sp. Phytophthora cinnamomi 
G 15 Geebung Track  Tea tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
G 16 Geebung Track  Tea tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
G 17 Geebung Track  Banksia sp. Phytophthora cinnamomi 
G 18 Geebung Track  Banksia sp. Phytophthora cinnamomi 
G  20 Geebung Track  Tea tree 
(Leptospermum sp.) 
100% Phytophthora cinnamomi 
GU 1991210.1 
G  21 Geebung Track  Tea tree 
(Leptospermum sp.) 
99% Phytophthora cinnamomi 
GU 1991210.1 
WF 2 Wildflower 
Track  
X. australis Phytophthora cinnamomi 
WF 17 
 
Wildflower 
Track  
X. australis Phytophthora cinnamomi 
WF 23 Wildflower 
Track  
X. australis Phytophthora cinnamomi 
WF 27 Wildflower 
Track  
X. australis Phytophthora cinnamomi 
M 19 
 
Marshall Road 
 
Burnt Banksia sp. Phytophthora cinnamomi 
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Figure 2.24 Molecular analysis of isolates from Brisbane Ranges, Geebung Track. 
 
Figure 2.24-A PCR products of 11 isolates identified morphologically as Phytophthora 
cinnamomi with A2 / I2 primers Lane 1: 100 bp ladder, lane 2: blank, lane 3: 2(positive control), 
lane 4: G 1, lane 5: G 8, lane 6: blank, lane 7: G 4, lane 8: G 5, lane 9: G 11, lane 10: G 15, lane 
11: G 16, lane 12: G 17, lane 13: G 18, lane 14: G 20, lane 15: G 21. Figure 2.24-B Restriction 
digest patterns of the PCR amplicon after using A2 and I2 primers. With Rsa1 Lane 1: 100 bp 
ladder, lane 2: 2(positive control), lane 3: G 1, lane 4: G 8, lane 5: blank, lane 6: G 4, lane 7: G 5, 
lane 8: G 11, lane 9: G 15, lane 10: G 16, lane 11: G 17, lane 12: G 18, lane 13: G 20, lane 14: G 
21, lane 15: 100 bp ladder. Figure 2.24-C Restriction digest patterns of the PCR amplicon after 
using A2 and I2 primers. With Msp1. Lane 1: 100 bp ladder, lane 2: 2(positive control), lane 3: G 
1, lane 4: G 8, lane 5: blank, lane 6: G 4, lane 7: G 5, lane 8: G 11, lane 9: G 15, lane 10: G 16, 
lane 11: G 17, lane 12: G 18, lane 13: G 20, lane 14: G 21, lane 15: 100 bp ladder. Figure 2.24-D 
Restriction digest patterns of the PCR amplicon after using A2 and I2 primers. With Taq1. Lane 
1: 100 bp ladder, lane 2: 2(positive control), lane 3: G 1, lane 4: G 8, lane 5: blank, lane 6: G 4, 
lane 7: G 5, lane 8: G 11, lane 9: G 15, lane 10: G 16, lane 11: G 17, lane 12: G 18, lane 13: G 20, 
lane 14: G 21, lane 15: 100 bp ladder. 
(Positive control is a historic isolate sequenced as 100% P. cinnamomi -AY 964101.1, 
chapter 3). 
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2.5.3 Results of individual sites at the Port Campbell National Park 
P. cinnamomi was not detected from either of the two sampling sites during morphological 
identification despite its presence in 2004 (table 2.14). No further molecular identification was 
carried out as there were no P. cinnamomi culture to study. 
Table 2.14 Sampling results at sites in the Port Campbell National Park. 
Site No. of 
samples 
collected 
No. of 
samples with 
P. cinnamomi 
% of 
samples 
Infested 
Port Campbell Metallic Sun Orchid site 
(2007) 
25 0 0 
Port Campbell Rifle Range site (2007) 13 0 0 
TOTAL 38 0 0 
 
2.5.4 Results of individual sites at the Kinglake National Park 
In July-August 2009 P. cinnamomi was detected from only 20% of the sites and 2% of the 
samples at Kinglake National Park (table 2.15). Four out of the 20 (20%) samples from Captain’s 
Creek Road yielded P. cinnamomi and infection was only found in the unburnt wet areas of the 
site. P. cinnamomi was not detected from Old Mt Slide Road, Mt Beggary, Wallaby Track and 
Mt Sugarloaf sites. All these sites had previously been listed as infested. 
 
By contrast, sampling in September 2010 showed that all five study sites (100%) and 26% of the 
samples were infested with P. cinnamomi (table 2.16). Maximum recovery was found at Old Mt. 
Slide Road (44%), followed by Mt. Beggary (27%), Mt Sugarloaf Wallaby Track (20%), Mt. 
Sugarloaf Walking Track (17%) and was least at Captains Creek Road (13%). The details of all 
individual isolates identified morphologically as Phytophthora cinnamomi are shown in table 
2.17. Molecular identification of four of these isolates by PCR-RFLP suggested that they were P. 
cinnamomi (fig. 2.26, fig. 2.27). Sequencing of selected isolates showed that both had their 
closest match to P. cinnamomi (table 2.17). No other Phytophthora species was detected at this 
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site. Isolate CC 6 (fig. 2.26 B lane 9) had a different banding pattern from the rest but sequencing 
showed it was a 99% P. cinnamomi GenBank no. GU 259278.1 (table 2.17). 
Captains Creek Road
P. c was detected in Aug-2009 and Sep-2010
Old Mt. Slide Road
P. c was not detected in July-2009 but 
found in Sep-2010
Mt. Beggary
P. c was not detected in Aug-2009
but found in Sep-2010 
Mt. Sugarloaf site-1 Wallaby Track
P. c was not detected in Aug-2009 
but found in Sep-2010 
Mt. Sugarloaf site 2 
Walking Track 
P. c was not detected in
Aug-2009 but found in 
Sep-2010
P. cinnamomi absent
P. cinnamomi present
 
 
Figure 2.25 Map of Kinglake National Parks showing the locations of infested and study 
sites and the area affected by the 2009 fire 
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Table 2.15 Sampling results at sites in the Kinglake National Park 2009. 
Sites No. of samples 
collected 
No. of 
samples with 
P. cinnamomi 
% of 
samples 
Infested 
Old Mt Slide Road  44 0 0 
Mt Beggary  40 0 0 
Captains Creek Road  Burnt area-16 0 
20.0 
Unburnt area-4 4 
Mt Sugarloaf 1- Wallaby Track 40 0 0 
Mt Sugarloaf  2-Walking Track  30 0 0 
TOTAL 174 4 2.3 
 
 
Table 2.16 Sampling results at sites in the Kinglake National Park 2010. 
Sites No. of samples 
collected 
No. of 
samples with 
P. cinnamomi 
% of 
samples 
Infested 
Old Mt Slide Road  18 8 44.4 
Mt Beggary  15 4 26.6 
Captains Creek Road  Burnt area-10 0 
13.3 
Unburnt area-5 2 
Mt Sugarloaf 1-Wallaby Track 20 4 20.0 
Mt Sugarloaf 2-Walking Track  12 2 16.6 
TOTAL 80 20 25.0 
 
 
Table 2.17 Details of individual samples from Kinglake National Park used for 
morphological and molecular identification (continued next page). 
Isolate no. Location Plant species Closest match on GenBank 
O 2 Old Mt. Slide Road  
 
X. australis Phytophthora cinnamomi 
O 4 Old Mt. Slide Road  
 
X. australis Phytophthora cinnamomi 
O 5 Old Mt. Slide Road  
 
X. australis Phytophthora cinnamomi 
O 7 Old Mt. Slide Road  
 
X. australis Phytophthora cinnamomi 
O 10 Old Mt. Slide Road 
  
X. australis Phytophthora cinnamomi 
O 12 Old Mt. Slide Road 
  
X. australis Phytophthora cinnamomi 
O 13 Old Mt. Slide Road  
 
X. australis Phytophthora cinnamomi 
O 14 Old Mt. Slide Road  
 
X. australis Phytophthora cinnamomi 
 
124 
 
 
Table 2.17 Continued… 
Isolate 
no 
Location Plant species Closest match on GenBank 
B 9 Mt. Beggary 
 
X. australis Phytophthora cinnamomi 
B 10 Mt. Beggary 
 
X. australis Phytophthora cinnamomi 
B 11 Mt. Beggary 
 
X. australis Phytophthora cinnamomi 
B 12 Mt. Beggary 
 
X. australis Phytophthora cinnamomi 
CC 6 Captains Creek 
 
Eucalyptus sp. 99%  Phytophthora cinnamomi 
GU 259278.1 
CC 8 
(2009) 
Captains Creek 
 
Eucalyptus sp. Phytophthora cinnamomi 
CC 8 
(2010) 
Captains Creek 
 
Eucalyptus sp. Phytophthora cinnamomi 
CC 9 Captains Creek 
 
Eucalyptus sp. Phytophthora cinnamomi 
CC 14 Captains Creek 
 
Eucalyptus sp. 99% Phytophthora cinnamomi 
GU 191210.1 
CC 15 Captains Creek 
 
Eucalyptus sp. Phytophthora cinnamomi 
Mt S 2  Mt. Sugarloaf Site-1 
Wallaby Track  
 
X. australis Phytophthora cinnamomi 
Mt S 5 Mt. Sugarloaf Site-1 
Wallaby Track  
 
X. australis Phytophthora cinnamomi 
Mt S 8 Mt. Sugarloaf Site-1 
Wallaby Track  
 
X. australis Phytophthora cinnamomi 
Mt S 9 Mt. Sugarloaf Site-1 
Wallaby Track  
 
X. australis Phytophthora cinnamomi 
Mt S II 6 Mt. Sugarloaf Site-1 
Walking Track  
 
Along the track Phytophthora cinnamomi 
Mt S II 1 Mt. Sugarloaf Site-2 
Walking Track  
 
Along the track Phytophthora cinnamomi 
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Figures 2.26 Molecular analysis of isolates identified morphologically as Phytophthora 
cinnamomi at Kinglake National Park in 2009. 
 
 Figure 2.26-A PCR product of isolates identified morphologically as Phytophthora cinnamomi 
isolates with A2 / I2 primers Lane 1: 100 bp ladder, lane 2: blank, lane 3: blank, lane 4: 2 
(positive control), and lane 5: CC 6, lane 6: CC 14, lane 7: CC 8, lane 8: CC 15 Figure 2.26-B 
Restriction digest patterns of the PCR amplicon after using A2 and I2 primers. With Rsa1 from 
Lane 1: 100 bp ladder, lane 2: 2 (positive control), lane 3: CC 6, lane 4: CC 14, lane 5: CC 8, lane 
6: CC 15, lane 7: 100 bp ladder. With Msp1 from lane 8: 2 (positive control), lane 9: CC 6, lane 
10: CC 14, lane 11: CC 8, lane 12: CC 15, lane 13: 100 bp ladder. With Taq1 from lane 14: 
100bp ladder, lane 15: 2 (positive control), and lane 16: CC 6, lane 17: CC 14, Lane 18: CC 8, 
lane 19: CC15. 
(Positive control is a historic isolate sequenced as 100% P. cinnamomi -AY 964101.1, 
chapter 3). 
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Figure 2.27 Molecular analysis of isolates identified morphologically as Phytophthora 
cinnamomi at Kinglake National Park in 2010. 
 
Figure 2.27-A PCR product of isolates morphologically identified as Phytophthora cinnamomi 
isolates with A2 / I2 primers lane 1: 100 bp ladder, lane 2: blank, lane 3: 2 (positive control), lane 4: 
B-9 lane 5: B-10, lane 6: B-11, lane 7: B-12, lane 8: CC-8, lane 9: CC-9, lane 10: Mts-2, lane 11: 
Mts-5, lane 12: Mts-8, lane 13: Mts2-1, lane 14: Mts2-6, lane 15: O-2, lane 16: O-4, lane 17: O-5, 
lane 18: O-7, lane 19: O-10, lane 20: O-13, lane 21: O-14.Figure 2.27-B Restriction digest patterns of 
the PCR amplicon after using A2 and I2 primers. With Rsa1 from lane 1: 100 bp ladder, lane 2: 
positive control, lane 3: B-9 lane 4: B-10, lane 5: B-11, lane 6: B-12, lane 7: CC-8, lane 8: CC-9, lane 
9: Mts-2, lane 10: Mts-5, lane 11: Mts-8, lane 12: Mts2-1, lane 13: Mts2-6, lane 14: O-2, lane 15: O-
4, lane 16: O-5, lane 17: O-7, lane 18: O-10, lane 19: O-13, lane 20: O-14, lane 21: 100bp ladder. 
Figure 2.27-C Restriction digest patterns of the PCR amplicon after using A2 and I2 primers. With 
Msp1 from lane 1: 100 bp ladder, lane 2: positive control, lane 3: B-9 lane 4: B-10, lane 5: B-11, lane 
6: B-12, lane 7: CC-8, lane 8: CC-9, lane 9: Mts-2, lane 10: Mts-5, lane 11: Mts-8, lane 12: Mts2-1, 
lane 13: Mts2-6, lane 14: O-2, lane 15: O-4, lane 16: O-5, lane 17: O-7, lane 18: O-10, lane 19: O-13, 
lane 20: O-14, lane 21: 100 bp ladder. Figure 2.27-D Restriction digest patterns of the PCR amplicon 
after using A2 and I2 primers. With Taq1 from lane 1: 100 bp ladder, lane 2: positive control, lane 3: 
B-9 lane 4: B-10, lane 5: B-11, lane 6: B-12, lane 7: CC-8, lane 8: CC-9, lane 9: Mts-2, lane 10: Mts-
5, lane 11: Mts-8, lane 12: Mts2-1, lane 13: Mts2-6, lane 14: O-2, lane 15: O-4, lane 16: O-5, lane 17: 
O-7, lane 18: O-10, lane 19: O-13, lane 20: O-14, lane 21: 100 bp ladder. 
(Positive control is a historic isolate sequenced as 100% P. cinnamomi -AY 964101.1, chapter 3). 
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2.5.5 Results of individual sites at the Wilsons Promontory National Park  
P. cinnamomi was detected from 8/9 (89%) of the sites and 49 out of 122 (40%) of the samples 
(table 2.18). Mt Oberon summit had the greatest recovery rate of P. cinnamomi  (65%) followed 
by 60% at Five Mile Road, Telegraph Track and Mushroom Rock and near Lilly Pilly Gully on 
Wilsons Promontory Road. Another three sites, two at Darby Saddle and one at Windy Saddle, 
had 20% P. cinnamomi infection.  P. cinnamomi was not detected from any sample collected at 
Lilly Pilly Gully car park, Mt Bishop foothill site. The 2009 fire map obtained from Parks 
Victoria (fig. 2.28) indicated that all these nine sites that were previously reported as infested 
were within the fire-affected area. 
 
The details results of all individual isolates that were identified as P. cinnamomi are shown in 
table 2.19. Molecular identification by PCR-RFLP (fig. 2.29 & 2.30) showed that all had bands 
characteristic of P. cinnamomi. Only isolate T3 (Mushroom Rock Track Opposite Lilly Pilly 
Gully car park) was selected for sequencing as the RFLP profile for the others were similar. The 
results showed that it was a close match to P. cinnamomi (table 2.19). No other Phytophthora 
species was detected from the samples.  
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Table 2.18 Sampling results at sites in the Wilson Promontory National Park. 
 
Site No. of 
samples 
collected 
No. of 
samples with 
P. cinnamomi 
% of 
samples 
Infested 
Five Mile Road, junction of Millers 
Landing and Vereker Lookout  (A) 
 
15 9 60 
Darby Saddle 1 (B) 
 
20 4 20 
Darby Saddle 2  (D) 
 
15 3 20 
Lilly Pilly Gully car park (F) 
foothill of Mt. Bishop  
 
15 0 0 
Mt Oberon summit (G) 
 
17 11 65 
Windy Saddle near Mt Oberon car park (H) 
 
5 1 20 
Telegraph Track near Mt Oberon  
car park (I) 
 
10 6 60 
Mushroom Rock Track Opposite Lilly Pilly 
Gully car park (T) 
 
10 6 60 
Near Lilly Pilly Gully on 
Wilsons Promontory Road  (Y) 
 
15 9 60 
TOTAL 122 49 40.2 
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Darby Saddle 1 
and 2
Lilly Pilly Gully 
car park, foothill 
of Mt. Bishop
Mt. Obero
n summit
Near Lilly Pilly Gully on
Wilson Promontory Road, 
P. cinnamomi absent
P. cinnamomi present
Fire Map 2009
Five Miles Road. junction of 
Millers landing and Verker 
Lookout
Windy Saddle near 
Mt. Oberon car park
Telegraph Track 
near Mt. Oberon 
car park
Mushroom Rock 
Track opposite Lilly 
Pilly Gully car park
 
Figure 2.28 Map of Wilson Promontory National Parks showing the locations of infested 
and uninfested study sites. 
 
 
 
 
Table 2.19 Details of individual samples from Wilson Promontory National Park, used for 
morphological and molecular identification (continued next page). 
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Isolate 
no. 
Location Plant species Closest match on 
GenBank 
A 1 Five Mile Road, junction of Millers 
Landing and Vereker Lookout 
 
X. australis Phytophthora cinnamomi 
A 2 Five Mile Road, junction of Millers 
Landing and Vereker Lookout  
 
X. australis Phytophthora cinnamomi 
A 3 Five Mile Road, junction of Millers 
Landing and Vereker Lookout 
 
Tea tree 
(Leptospermum sp) 
Phytophthora cinnamomi 
A 4 Five Mile Road, junction of Millers 
Landing and Vereker Lookout 
 
Banksia sp. Phytophthora cinnamomi 
A 7 Five Mile Road, junction of Millers 
Landing and Vereker Lookout 
 
X. australis Phytophthora cinnamomi 
A 9 Five Mile Road, junction of Millers 
Landing and Vereker Lookout 
 
Banksia sp. Phytophthora cinnamomi 
A 12 Five Mile Road, junction of Millers 
Landing and Vereker Lookout 
 
X. australis Phytophthora cinnamomi 
A 13  Five Mile Road, junction of Millers 
Landing and Vereker Lookout 
 
Banksia sp. Phytophthora cinnamomi 
A 15  Five Mile Road, junction of Millers 
Landing and Vereker Lookout 
 
Banksia sp. Phytophthora cinnamomi 
B 10 Darby Saddle-1  Banksia sp. Phytophthora cinnamomi 
 
B 12 Darby Saddle-1  Banksia sp. Phytophthora cinnamomi 
 
B 13 Darby Saddle-1 Tea tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
B 16 Darby Saddle-1  X. australis 
 
Phytophthora cinnamomi 
D 4 Darby Saddle-2  X. australis 
 
Phytophthora cinnamomi 
D 5 Darby Saddle-2  Banksia sp. 
 
Phytophthora cinnamomi 
D 7 Darby Saddle-2  X. australis 
 
Phytophthora cinnamomi 
 
 
Table 2.19 continued…… 
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Isolate 
no. 
Location Plant species Closest match on 
GenBank 
G 1 Mt Oberon summit  X. australis 
 
Phytophthora cinnamomi 
G 2 Mt Oberon summit  X. australis 
 
Phytophthora cinnamomi 
G 3 Mt Oberon summit  X. australis 
 
Phytophthora cinnamomi 
G 4 Mt Oberon summit  X. australis 
 
Phytophthora cinnamomi 
G 5 Mt Oberon summit X. australis 
 
Phytophthora cinnamomi 
G 6 Mt Oberon summit  X. australis 
 
Phytophthora cinnamomi 
G 10 Mt Oberon summit  X. australis 
 
Phytophthora cinnamomi 
G 12 Mt Oberon summit Tea tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
G 13 Mt Oberon summit  Tea tree 
(Leptospermum sp.) 
 
Phytophthora cinnamomi 
G 15  Mt Oberon summit  Banksia sp. 
 
Phytophthora cinnamomi 
G 16 Mt Oberon summit  X. australis 
 
Phytophthora cinnamomi 
H 3 Windy Saddle near Mt Oberon car 
park  
 
X. australis 
 
Phytophthora cinnamomi 
I 6 Telegraph Track near Mt Oberon car 
park 
 
X. australis Phytophthora cinnamomi 
I 8 Telegraph Track near Mt Oberon car 
park 
 
X. australis Phytophthora cinnamomi 
I 9 Telegraph Track near Mt Oberon car 
park  
 
X. australis Phytophthora cinnamomi 
I 11 Telegraph Track near Mt Oberon car 
park 
 
X. australis Phytophthora cinnamomi 
I 13 Telegraph Track near Mt Oberon car 
park 
 
X. australis Phytophthora cinnamomi 
I 14 Telegraph Track near Mt Oberon car 
park 
 
X. australis Phytophthora cinnamomi 
Table 2.19 continued…… 
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Isolate 
no. 
Location Plant species Closest match on 
GenBank 
T 1 Mushroom Rock Track Opposite 
Lilly Pilly Gully car park 
 
X. australis Phytophthora cinnamomi 
T 3 Mushroom Rock Track Opposite 
Lilly Pilly Gully car park 
 
X. australis 98 % Phytophthora 
cinnamomi 
GU 191210.1 
 
T 6 Mushroom Rock Track Opposite 
Lilly Pilly Gully car park 
 
X. australis Phytophthora cinnamomi 
T 8 Mushroom Rock Track Opposite 
Lilly Pilly Gully car park 
 
X. australis Phytophthora cinnamomi 
T 9 Mushroom Rock Track Opposite 
Lilly Pilly Gully car park 
 
X. australis Phytophthora cinnamomi 
T 10 Mushroom Rock Track Opposite 
Lilly Pilly Gully car park 
 
X. australis Phytophthora cinnamomi 
Y 1 Near Lilly Pilly Gully on 
Wilsons Promontory Road 
 
X. australis Phytophthora cinnamomi 
Y 3 Near Lilly Pilly Gully on 
Wilsons Promontory Road 
 
X. australis Phytophthora cinnamomi 
Y 4 Near Lilly Pilly Gully on 
Wilsons Promontory Road 
 
X. australis Phytophthora cinnamomi 
Y 5 Near Lilly Pilly Gully on 
Wilsons Promontory Road 
 
X. australis Phytophthora cinnamomi 
Y 7 Near Lilly Pilly Gully on 
Wilsons Promontory Road 
 
X. australis Phytophthora cinnamomi 
Y 8 Near Lilly Pilly Gully on 
Wilsons Promontory Road 
 
Tea Tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
Y 12 Near Lilly Pilly Gully on 
Wilsons Promontory Road 
 
Tea Tree 
(Leptospermum sp) 
Phytophthora cinnamomi 
Y 13 Near Lilly Pilly Gully on 
Wilsons Promontory Road 
 
Tea Tree 
(Leptospermum sp.) 
Phytophthora cinnamomi 
Y 14 Near Lilly Pilly Gully on 
Wilsons Promontory Road 
Banksia sp. Phytophthora cinnamomi 
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Figures 2.29 Molecular analysis of isolates at Wilsons Promontory National Park at sites A, 
B, D, and Y. 
 
Figure 2.29-A PCR product using A2 / I2 primers for some of the isolates from site A, B, D and Y 
that were morphologically identified as Phytophthora cinnamomi. Lane 1: 100 bp ladder, lane 2: 
blank, lane 3: A 1, lane 4: A 2, lane 5: A 3, lane 6: A 4, lane 7: A 9, lane 8: B 10, lane 9: B 12, lane 
10: B 16, lane 11: D 7, lane 12: Y 1, lane 13: Y 3, lane 14: Y 4, lane 15: Y 5, lane 16: Y 12, lane 17: 
Y 13, Lane 18: Y 14, lane 19: 100 bp ladder. Figure 2.29-B Restriction digest patterns of the PCR 
amplicon after using A2 and I2 primers, with Rsa1. Lane 1: 100bp ladder, lane 2: 2(positive control), 
lane 3: A 1, lane 4: A 2, lane 5: A 3, lane 6: A 4, lane 7: A 9, lane 8: B 10, lane 9: B 12, lane 10: B 
16, lane 11: D 7, lane 12: Y 1, lane 13: Y 3, lane 14: Y 4, lane 15: Y 5, lane 16: Y 12, Lane 17: Y 13, 
lane 18: Y 14 lane 19: 100 bp ladder. Figure 2.29-C Restriction digest patterns of the PCR amplicon 
after using A2 and I2 primers, with Msp1. Lane 1: 100 bp ladder, lane 2: 2(positive control), lane 3: A 
1, lane 4: A 2, lane 5: A 3, lane 6: A 4, lane 7: A 9, lane 8: B 10, lane 9: B 12, lane 10: B 16, lane 11: 
D 7, lane 12: Y 1, lane 13: Y 3, lane 14: Y 4, lane 15: Y 5, lane 16: Y 12, Lane 17: Y 13, lane 18: Y 
14 lane 19: 100 bp ladder. Figure 2.29-D Restriction digest patterns of the PCR amplicon after using 
A2 and I2 primers, with Taq1. Lane 1: 100 bp ladder, lane 2: 2 (positive control), lane 3: A 1, lane 4: 
A 2, lane 5: A 3, lane 6: A 4, lane 7: A 9, lane 8: B 10, lane 9: B 12, lane 10: B 16, lane 11: D 7, lane 
12: Y 1, lane 13: Y 3, lane 14: Y 4, lane 15: Y 5, lane 16: Y 12, Lane 17: Y 13, lane 18: Y 14 lane 19: 
100 bp ladder.  
(Positive control is a historic isolate sequenced as 100% P. cinnamomi -AY 964101.1, chapter 3). 
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Figure 2.30 Molecular analysis of isolates at Wilsons Promontory National Park at sites G, 
H, I, and T. 
Figure 2.30-A PCR product using A2 / I2 primers for some of the isolates from site H, I, G, and T that 
were morphologically identified as Phytophthora cinnamomi. Lane 1: 100 bp ladder, lane 2: blank, lane 3: 
H3, lane 4: H6, lane 5: H8, lane 6: H9, lane 7: H11, lane 8: H13, lane 9: H14, lane 10: T1, lane 11: T3, 
lane 12: T6, lane 13: T8, lane 14: T9, lane 15: T10, lane 16: G1, Lane 17: G2, lane 18: G3 lane 19: G4, 
lane 20: G5, lane 21: G6, lane 22: G10, lane 23: G12, lane 24: G13, lane 25: G15, lane 26: G16. Figure 
2.30-B Restriction digest patterns of the PCR amplicon after using A2 and I2 primers, with Taq1. Lane 1: 
100 bp ladder, lane 2: 2 (positive control), lane 3: H3, lane 4: H6, lane 5: H8, lane 6: H9, lane 7: H11, lane 
8: H13, lane 9: H14, lane 10: T1, lane 11: T3, lane 12: T6, lane 13: T8, lane 14: T9, lane 15: T10, lane 16: 
G1, Lane 17: G2, lane 18: G3 lane 19: G4, lane 20: G5, lane 21: G6, lane 22: G10, lane 23: G12, lane 24: 
G13, lane 25: G15, lane 26: G16. Figure 2.30-C Restriction digest patterns of the PCR amplicon after 
using A2 and I2 primers, with Msp1. Lane 1: 100 bp ladder, lane 2: 2 (positive control), lane 3: H3, lane 4: 
H6, lane 5: H8, lane 6: H9, lane 7: H11, lane 8: H13, lane 9: H14, lane 10: T1, lane 11: T3, lane 12: T6, 
lane 13: T8, lane 14: T9, lane 15: 100bp ladder, lane 16: 100bp ladder, Lane 17: T10, lane 18: G1 lane 19: 
G2, lane 20: G3, lane 21: G4, lane 22: G5, lane 23: G6, lane 24: G10, lane 25: G12, lane 26: G13, lane 27: 
G15, lane 28: G16, lane 29: 100 bp ladder. Figure 2.30-D Restriction digest patterns of the PCR amplicon 
after using A2 and I2 primers, with Rsa1. Lane 1: 100 bp ladder, lane 2: 2 (positive control), lane 3: H3, 
lane 4: H6, lane 5: H8, lane 6: H9, lane 7: H11, lane 8: H13, lane 9: H14, lane 10: T1, lane 11: T3, lane 
12: T6, lane 13: T8, lane 14: T9, lane 15: 100 bp ladder, lane 16: 100 bp ladder, Lane 17: T10, lane 18: G1 
lane 19: G2, lane 20: G3, lane 21: G4, lane 22: G5, lane 23: G6, lane 24: G10, lane 25: G12, lane 26: G13, 
lane 27: G15, lane 28: G16, lane 29: 100 bp ladder. (Positive control is a historic isolate sequenced as 
100% P. cinnamomi -AY 964101.1, chapter 3). 
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2.5.6 Effect of smoke water on mycelial growth of Phytophthora cinnamomi 
Smoke water inhibited the mycelial growth of P. cinnamomi. Control plates with only V8 juice 
agar had covered the entire Petri plate (85 mm) at day 5 and hence day 4 readings were 
considered for analysis. No growth was observed on plates with concentrations of smoke water of 
32% and above, but it seem to have a fungicidal effect as the agar plugs from 32% concentration 
plates when re-subbed on to fresh V8 agar plate did not show any growth even after one week. 
Concentrations from 0.008% to 16% smoke water showed decreasing mycelial growth with 
increase in concentration (fig. 2.31 and 2.32).  
 
The effect of smoke water on mycelial growth at day 4 was highly significant (table 2.20, 
ANOVA F= 5, P= <0.0001).  There was no significant difference in growth between control and 
0.008% smoke water (table 2.20) but at all other concentrations, growth declined relative to the 
concentration above. At 16% smoke water concentration, growth did not start till day 3 and the 
growth rate at this concentration was slower as compared to control.  
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Figure 2.31 Inhibition of Phytophthora cinnamomi growth on different concentrations of 
smoke water-V8 agar at day 4 and fungicidal effect at concentration 32%. 
 
 
 
Normal V8 juice agar 8% smoke water V8 juice agar 
16% smoke water V8 juice agar 
 
32% smoke water V8 juice agar 
 
A B 
D C 
No growth on 32% smoke re-subbed agar plugs  
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Figure 2.32 Growth of Phytophthora cinnamomi on different concentrations of smoke water 
V8 agar and normal V8 agar at day 4. Bars= 2×SE. 
 
 
 
Table 2.20 Analysis of mycelial growth at day 4 of P. cinnamomi on different concentrations 
of smoke water V8 agar and normal V8 agar.  
 
 ANOVA         
Source of Variation df Sum-of-squares Mean square F value P value 
Mycelial growth (between columns) 8 57546 7193 24900 < 0.0001 
Residual (within columns) 36 10.40 0.2889   
Total 44 57557    
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2.6 Discussion 
Following the wild fires P. cinnamomi could again be detected in all National Parks, even in 
those sites and parks from which it had declined to zero detection levels in previous years. Fire 
made P. cinnamomi undetectable for at least 6 months, probably due to a combination of direct 
destruction by fire in the soil and inhibition by smoke water leaching into the soil, while host 
plants regenerated from seed germination and plants resprouted from rootstocks. Once young, 
actively growing host plants were again present in sufficient quantity, P. cinnamomi became 
detectable even when macroscopic symptoms were not visible in the vegetation. Thus the role of 
wildfire in the resurgence of P. cinnamomi is mainly to reduce P. cinnamomi to a level where 
host plants are able to grow and then P. cinnamomi can attack them. Thus areas, once infested, 
are never free of P. cinnamomi and the main cause of its lack of detection is decline in propagule 
density due to unavailability of host plants. Weste (2003) suggested that there were two main 
possible explanations for the P. cinnamomi decline: drought and or lack of host plants. This study 
shows that it is the lack of susceptible host plants rather than drought, which is responsible as 
discussed later in detail for individual parks. 
 
2.6.1 Presence of Phytophthora cinnamomi at previously infested sites 
P. cinnamomi was isolated from almost all the sites from which it was previously reported 
following a prolonged drought and fire. This was probably associated with the occurrence of 
heavy rains in the years after the fires, which would have affected both the activity of the 
pathogen and the regeneration of susceptible plant species. Based on the number of sites from 
where P. cinnamomi was found, 46% of sites in the Grampians National Park, 60% of sites in the 
Brisbane Ranges National Park, 89% of sites in Wilsons Promontory National Park and 26% of 
sites in the Kinglake National Park were still infested with P. cinnamomi (table 2.21). This 
139 
 
includes sites where detection had declined to <1% in the past. Conversely, at Port Campbell 
Rifle Range infection ceased to be detectable between 2004 and 2007. 
 
Table 2.21 Percentage of infested sites studied in Victorian National Parks and number of 
samples yielding Phytophthora cinnamomi. 
 
Name of National Park 
Percentage of 
infested sites in 
the Park 
(N = number of 
sites tested) 
Percentage of 
samples from 
which P. 
cinnamomi was 
detected 
(n = total number 
of samples tested) 
P. cinnamomi 
Last detected 
in year  
(% detected)  
Grampians National Park  
(2009) 
46   (N = 13) 6 (n = 179) 
2001 (<1%) 
(Weste, 2003) 
 
Brisbane Ranges National 
Park (2008) 
60   (N = 5) 10 (n = 163) 
1998 (0-6%) 
(Weste, 2003) 
 
Wilson Promontory 
National Park (2009) 
89  (N = 9) 40 (n = 122) 
2001 (0-1%) 
(Weste, 2003) 
 
Kinglake National Park 
(2009) 
20 (N = 5) 2 (n = 174) 
1994 (0-100%) 
(Duncan and 
Keane, 1996) 
 
Kinglake National Park 
(2010) 
100   (N = 5) 25 (n = 80) 
1994 (0-100%) 
(Duncan and 
Keane, 1996) 
 
Port Campbell Rifle 
Range (2007) 
0 (N = 1) 0 (n = 34) 
2004 (100%) 
(Reiter, 2004 
pers. comm.) 
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2.6.1.1 Grampians National Park 
P. cinnamomi was detected at all sites except Serra Road where it had been reported previously. 
This could be because of either the pathogen inoculum being too low to be detected or inadequate 
sampling intensity. The sites in the Grampians National Park were last studied by Weste in 2000 
(Weste, 2003). Detection of P. cinnamomi at these sites had declined to <1% in 2000 from 100% 
in 1977 and 1984 (fig. 2.33). Weste (2003) proposed that drought or lack of host plants where the 
main causes of apparent decline.  
 
Of these, the most likely explanation is not drought when detection is mapped against rainfall. It 
can be argued that amount of spring rainfall (287 mm, 172 mm and 130 mm) decreased 
continuously for three years from 1993-1995 which is used as an explanation for the decline 
when tested in 1995 (Weste, 2003) (fig. 2.33). However detection levels continued to decline 
even though the spring rainfall increased in 1996-2000 (252 mm, 251 mm, 265 mm, 185 mm and 
251 mm). Also P. cinnamomi was detected up to 17 and 40 % at two sites in 2007 when spring 
rainfall was only 183 mm and up to 12% in 2009 when spring rainfall was 220 mm (fig. 2.33) 
(BOM station no- 079046) even though the rainfall was less than the 2000 levels. Considering the 
average amount of spring rainfall at the Grampians National Park, it can be seen that there was 
little difference in the amount of rainfall during the period of decline 1985 to 1990 (219 mm) 
from 1991 to 1995 (244 mm) and from 1996 to 2000 (245 mm) meaning that rainfall or drought 
was not the sole factor for the decline.  
 
In the Grampians National Park, regeneration of highly susceptible X. australis was observed at 
all previously recorded infested sites after the fires. All sampling sites except the Duck Orchid 
site were affected by fire in 2005-2006. The question is: was P. cinnamomi not detected because 
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of the fire or was it detected due to the increase in regeneration after the fires? Sampling at Reed 
Lookout and Mt William, where P. cinnamomi was detected, was carried out at the same time (8 
months after the fire) as at the Duck orchid site, and at the Second Wannon Creek, where it was 
not detected. Similarly, P. cinnamomi was also detected at Flat Rock Crossing, Millstream Creek 
and Yarram Park but not at Serra Road even though sampling at these sites was carried out at the 
same time (table 2.3 and 2.4). If fire had an effect it should have been constant at all sites, which 
it was not, indicating wild fire by itself cannot be responsible for the decline or resurgence of P. 
cinnamomi. Due to time constrain the Grampians site that were sampled in 2006 and 2007 could 
not be resampled in 2009, which would have been useful for comparison over a period of time. 
 
It seems more likely that the decrease or disappearance of P. cinnamomi was due to the decrease 
or disappearance of susceptible host plants. For example, P. cinnamomi was undetectable (<1%) 
at sites such as Flat Rock Crossing, Millstream Creek, Yarram Park and Syphon Road in 2000 
(Weste, 2003). The reappearance of P. cinnamomi and an increase in the rate of detection (7-
12%) at these sites corresponds to the regeneration of host plants after the 2006 fire, some from 
resprouting and some from smoke-germinated seeds. Thus the availability of susceptible host 
plants seems to be the most likely factor in the resurgence of P. cinnamomi at these sites. Some 
sites such as Reed Lookout and Mt William that have constantly been reported as infested in the 
past (Reiter, 2002) are still infested and have a potential for further spread of disease to 
uninfested regions. The presence of P. cinnamomi at these sites is likely to be due to 
unfavourable temperatures (too cold in winter) for P. cinnamomi activity (Timmer et al., 1988).   
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Figure 2.33 Rainfall and percent detection of Phytophthora cinnamomi in the Grampians National Park from 1970 – 2010. 
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2.6.1.2 Brisbane Ranges National Park 
P. cinnamomi was found in 50% of the samples collected from the Geebung Track but in only 
4% of the samples collected from the Marshall Road site. Only Eclipse Road and Hut Road in the 
Brisbane Ranges National Park, in which P. cinnamomi was recorded previously, were negative 
in this study. The question is: if P. cinnamomi was detected from the Geebung Track, Wildflower 
Track and Marshall Road, which were burnt in the 2006 fire, why was it not detected at Eclipse 
Road which was also control burnt in 2007. The possible explanation would be the amount of 
regeneration and the time difference between fire and sampling. The Eclipse Road site was 
control burnt in 2007 and sampling was carried out in 2009 the burning would have destroyed the 
inoculum in the top soil layers and with little regeneration at this site one would not expect to 
find P. cinnamomi where as other sites such as Geebung Track, Wildflower Track and Marshall 
Road were burnt by wildfire in 2006 and a lot of regeneration was observed at these sites at the 
time of sampling in 2009. This again supports the theory that fire restricts the growth of P. 
cinnamomi and hinders its detection by eliminating or reducing its inoculum level in the top soil 
layer (Podger, 1990) and that fire suppression makes the plant more susceptible to the pathogen, 
as in case of Torreya taxifolia (Schwartz, et al., 1995). It also supports the findings of Moritz and 
Odion (2005) for P. ramorum that control burning would limit its detection.  
 
Abundant regeneration was recorded at all sites after the wildfire. Detection of infection from re-
generating plants at other sites supports the statements of Weste (1986), Shearer and Tippett 
(1989), Walchhuetter (2002) and Weste (2003) that P. cinnamomi inoculum surviving in deeper 
soil layers re-surfaces, with sufficient host regeneration providing food for the pathogen and is 
detectable once the inoculum level increases in the soil. It also supports the findings of Shea et al. 
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(1978) and Tippet and Malajczuk (1979) that regeneration of susceptible host plants after the 
fires increases the infection and spread of P. cinnamomi. 
Detection of P. cinnamomi was 100% from 1970, when it was initially discovered, until 1974 
even though the annual and spring (Sep. Oct. Nov.) rainfall over that period continued to decline 
(fig. 2.34). The average annual rainfall at Brisbane Ranges National Park is 622 mm (BOM 
station no-087000). Diseased sites such as the Geebung Track on the Anakie-Ballan Road and 
Marshall Road had shown a decline in P. cinnamomi isolation from 100% in 1971 to 6% and 0% 
in 1998, respectively (Weste, 2003). During the period of decline, which is from 1980 to 2000 the 
average annual rainfall from 1980 to 1990 was 695 mm and was 659 mm from 1991 to 2000 (fig. 
2.34). It is the same story with spring rainfall average spring rainfall from 1980 to 1990 was 207 
mm and was 227 mm from 1991 to 2000, which is not much different from the average spring 
rain (229 mm) between 1970 to 1980 when isolation rate of P. cinnamomi was 100%. Whereas 
the average annual rainfall was only 530 mm in the last decade and the spring rainfall in year 
2008 was only 82 mm, yet 60% of sites were infested, with upto 50 % of samples infested. 
 
These results do not support the statement of Weste (2003) that a decline in rainfall and 
prolonged drought was the reason for the apparent decline in P. cinnamomi detection, but suggest 
that the absence of susceptible host plants in the infested area and not the rainfall was responsible 
for the apparent decline in P. cinnamomi detection and that regeneration of susceptible hosts such 
as X. australis after the rains and fires led to the resurgence of P. cinnamomi at these sites. The 
potential for disease spread from the Geebung Track is low because the track has been declared 
as infested and precautionary signs mentioning the presence of P. cinnamomi are shown at the 
entrance. Vehicle access is also prohibited at the track. Infection at Marshall Road is very low, 
and less likely to be spread by human interference, as infection is not along the roadside.   
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Figure 2.34 Rainfall and percent detection of Phytophthora cinnamomi in the Brisbane Ranges National Park from 1970 – 2010. 
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2.6.1.3 Wilsons Promontory National Park 
P. cinnamomi was detected from all but the Lilly Pilly Gully car park (foothill of Mt. Bishop) site 
(table 2.18) 9 months after the February 2009 fire, suggesting an erratic effect of fire on P. 
cinnamomi detection and supporting Podger’s  (1990) finding that even extremely high intensity 
fire cannot eliminate P. cinnamomi from the soil. These new studies have shown that 89% of the 
sites (table 2.21) are still infested and that the presence, survival and detection of P. cinnamomi 
are not related to amount of rainfall.  
 
Weste (2003) suggested that decrease in rainfall and prolonged drought was one of the main 
factor responsible for decline in P. cinnamomi detection at these sites. The detection levels fell 
from 100% in 1971 and 1981 to <1 % in 2000 at sites such as Five Mile Road at the junction of 
Millers Landing and Vereker Lookout and was undetectable at  Darby Saddle and near Lilly Pilly 
Gully on Wilsons Promontory Road in 2000.   
 
This apparent decline does not correspond with the amount of rainfall the national park received 
during the period of decline. Figure 2.35 shows that there was little difference in the average 
annual rainfall; for example average annual rainfall average spring rainfall respectively at the 
time of 100% detection from 1970-1980 was 1143 mm and 281 mm, that from 1981-1990 was 
1008 mm and 230 mm, and during the period of decline from 1991-2000 it was 1195 mm and 
298 mm (BOM station no-085096) showing an increase in rainfall but a decrease in P. 
cinnamomi detection. Annual rainfall in 2000 was 1238 mm and spring rainfall was 373 mm, 
which is well above the average annual rain (1143 mm) and average spring rainfall (281 mm) 
from 1970-1980  when detection was 100%, but detection of P. cinnamomi fell to <1% in that 
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year (fig. 2.35). It can also be observed that the spring rainfall increased from 199 mm in the year 
1999 to 373 mm in 2000, but the detection level fell. Whereas, the spring rainfall increased from 
190 mm in 2008 to 311 mm in the year 2009 when upto 65 % infection was detected at these 
sites. These results show no relation between annual or spring rainfall and also support the 
findings that absence of host plants and not rainfall was the key factor responsible for the decline 
of P. cinnamomi detection at Wilson Promontory National Park and the regeneration after the 
fires led to resurgence of P. cinnamomi infection (Shea et al., 1978; Tippet and Malajczuk, 1979; 
Keith 1997). 
 
On the basis of foot traffic and presence of the susceptible vegetation, sites such as Five Mile 
Road, Telegraph Track, Mushroom Rock Track and Mt Oberon summit have greater potential for 
disease spread, whereas Wilsons Promontory Road near Lilly Pilly Gully has only a moderate 
potential of disease spread because the infection is far off-road and would only spread by runoff 
from rainfall. However with increases in vegetation cover there is a high possibility that the 
diseases will slowly spread by root to root contact (Shearer and Dillon, 1996). 
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Figure 2.35 Rainfall and percent detection of Phytophthora cinnamomi in the Wilsons Promontory National Park from 1970 – 
2010. 
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2.6.1.4 Kinglake National Park 
P. cinnamomi was not detected from the Old Mt Slide Road and the other three sites (Mt 
Beggary, Mt. Sugarloaf 1-Wallaby Track, Mt. Sugarloaf 2-Walking track) five months after the 
February 2009 fires (fig. 2.25), but was detected at all these sites when re-tested in September 
2010, 14 months after the fire. The possible explanation for this is that extreme fire, smoke and 
smoke water generated while in the February 2009 fires destroyed the surface inoculum (Moritz 
and Odion, 2005). Smoke water and rainfall (1453 mm) after the fires in 2010 led to regeneration 
of susceptible host plants, which provided a conducive environment for the pathogen to resurface 
and infect the susceptible regenerating X. australis. The results strongly support the statement of 
Podger (1990) that fire does not eliminate P. cinnamomi and that the pathogen surviving in the 
infected plant roots in deeper layers of the soil or under rocks and fallen trees could recolonise 
and infect the host plants regenerating after the fires (Shea et al., 1978; Tippet and Malajczuk, 
1979; Shearer and Tippett, 1989 and Keith 1997).   
 
The annual rainfall at Kinglake National Park dropped from being 1365 mm in 1993 to 823 mm 
in 1994 and P. cinnamomi was last detected at Old Mt Slide Road site in 1994 (Duncan and 
Keane, 1996) the amount of spring rainfall was also reduced from 443 mm in 1993 to 210 mm in 
1994 (fig. 2.36) (BOM station no-088060). The sites were burnt in the February 2009 fire and the 
annual rainfall from 2008 to 2010 was 940 mm, 815 mm and 1453 mm and the spring rainfall for 
the same duration was 221 mm, 327 mm and 530 mm respectively (BOM station no-088060) 
(fig. 2.36). It likely, that the wild fires in 2009 would have hindered the detection of P. 
cinnamomi probably by destroying P. cinnamomi from the top soil layers. Most of the susceptible 
vegetation that would harbour P. cinnamomi was also destroyed making it undetectable.  The 
important consideration here is that although the amount of rainfall was increasing after the fires 
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P. cinnamomi was not detected probably because of the fire and or because of unavailability of 
susceptible hot roots. Later retesting of all sites in 2010 showed that they were heavily infested 
with P. cinnamomi. Heavy rainfall in 2010 led to a fast regeneration which would have acted as 
the host to P. cinnamomi surviving at lower soil depth. Meaning rainfall alone cannot be 
responsible for a decrease or increase of P. cinnamomi population but abaiblity of susceptible 
host is equally important. It could be possible to detect P. cinnamomi from infected host plants 
and infested soil even under drought conditions provided host plant are alive and present at 
disease front. Rainfall does assist the spread of the pathogen but does not increase its population.  
 
In Kinglake National Park, P. cinnamomi infection was first detected in 1973 (Weste and Marks 
1974) but the rate of detection was not measured. Infection at Old Mt. Slide Road site was 
reported last by Duncan and Keane in 1996, ranging from 0-100% depending on the season area 
of the disease front, topography and vegetation. Precent detection also depends on where the 
sample was collected from; sample taken from vegetation that has been infected and from active 
disease front would yield positive results (Duncan and Keane in 1996). References to infection at 
all other sites including Mt Beggary, Mt. Sugarloaf 1-Wallaby Track, Mt. Sugarloaf 2-Walking 
track and Captains Creek Road were obtained from the park ranger. All sites were previously 
recorded as infested with P. cinnamomi but detection was never measured and hence any decline 
in P. cinnamomi detection is unknown.  
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The potential for disease spread due to water runoff is high, as all infested sites are located on the 
hill slopes at a high altitude. The results indicate that the extremely high intensity fire possibly 
restricted the growth and spread or even destroyed P. cinnamomi in the top soil layers up to a 
depth of 25 cm but does not eliminate P. cinnamomi hiding in the surviving roots deeper in the 
soil profile.   
 
Results of the smoke water experiment showed that smoke-water was effective in restricting the 
growth of P. cinnamomi and killed the pathogen at higher concentrations. This result supports the 
findings of Wolkowskaja and Lapszin (1962) that smoke solution has a fungicidal effect, 
suggesting it could potentially be used as a relatively cheap control measure for P. cinnamomi. 
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Figure 2.36 Rainfall and percent detection of Phytophthora cinnamomi at the Old Mt Slide Road in Kinglake National Park 
from 1970 – 2010. 
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Weste (2003) described the spread of P. cinnamomi infection and the evident decline in Victorian 
National Parks in four phases, starting from first phase of introduction to the last phase of decline 
in detection and regeneration, but left some unanswered questions such as what was responsible 
for the decline: drought or absence of host plants? Had P. cinnamomi died or was it still present 
and would P. cinnamomi reappear after regeneration? And what effect does prescribed control 
burning or wildfire have on P. cinnamomi? Annual rainfall is referred in this thesis as sampling 
during this research was not limited to spring season only, but in summer, spring and winter. This 
thesis provides information that clarifies at least some of those questions and the following 
provides further explanation of the results obtained from this study in three phases. 
  
Phase 1- (1970-1980) 
The first point to keep in mind is that P. cinnamomi was probably introduced in Victoria in 1935 
and yet first symptoms were recorded in 1952 (Lee, 1962; Weste and Marks 1974). The presence 
of abundant susceptible hosts in Victorian National Parks around the time P. cinnamomi was 
introduced caused an increase in the pathogen population that was further spread by 
transportation of infested soil, resulting in a dieback epidemic (Weste and Marks 1974). It took 
nearly 20 years (1950s-1970s) to reach epidemic proportions. The rainfall data from all parks 
studied shows that annual and spring rainfall during this period did fall below average but P. 
cinnamomi detection was 100%. 
 
Phase 2- (1980-2000) 
Death of susceptible hosts led to decline in availability of food and hence a decline in the 
pathogen population (Weste, 2003). This would have been site-specific as P. cinnamomi was still 
actively detected (>50%) at some sites, decreased at some and was undetectable (<1%) at others. 
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During this period the spring and annual rainfall were almost equal to average rainfall received at 
all national parks (table 1.2 chapter 1, figs, 2.33, 2.34, 2.35, and 2.36) and so unavailability of 
susceptible hosts was mainly responsible for the decline in P. cinnamomi levels and detection 
rate. Any prolonged dry weather or fire during this period would have acted as a catalyst 
inhibiting the pathogen growth and spread. Decrease in pathogen level and average rainfall would 
have led to slow regeneration of susceptible host species. Due to the low level of inoculum, 
disease appearance would have been less and detection during this time would still show low P. 
cinnamomi levels.  
 
Phase 3- (2000-2010)  
Increase in regeneration of susceptible hosts due to fire and enough rainfall for these regenerating 
plants to survive led to an increase in the P. cinnamomi population in the previously infested 
regions and hence an increase in rate of detection in comparison to the 1990-2000 period (Weste, 
2003).  This could be the beginning of another minor outbreak or even an epidemic in 20 years’ 
time, in the same manner as it has happened in the past as discussed in Phase 1. 
 
Control burning or even widespread high intensity fires have no direct relationship with the 
increase or decrease in the P. cinnamomi population. Fires may or may not assist in controlling 
the spread of P. cinnamomi by possibly eliminating or reducing the inoculum to undetectable 
levels in the top soil layers, as observed in Kinglake National Park. However regeneration of 
susceptible host plants after the fires increases the infection and spread of P. cinnamomi, Shea et 
al. (1978) and Tippet and Malajczuk (1979). The accurate information on intensity of burns at 
study sites was not available, but it would be interesting and useful to study the effect of mild 
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versus severe burns as well as studying the recovery rates of P. cinnamomi at different soil depths 
at other infested sites.  
 
Smoke water produced during the fire (Wolkowskaja and Lapszin 1962; Flematti et al., 2004) 
would also help in inhibiting the growth of P. cinnamomi up to a certain soil depth and time 
providing disease escape against P. cinnamomi, which would assist in growth and regeneration of 
susceptible plants such as X. australis. Once this smoke water is leached out in subsequent rains 
and the roots of the plants reach deeper, P. cinnamomi surviving in deeper layers re-surfaces. 
Extended work on the aspect of using smoke water could not be carried out, but it would be 
extremely useful to consider and study the effect of smoke water at different life stages of P. 
cinnamomi such as sporangial production, zoospore release, and chlamydospores production, 
which are important survival stages of the pathogen. Nicole (2005) observed that sporangial 
production was the highest in soil extracts from 7 day old fire sites as compared to 30 year old 
and that sporangial lysis was greatest in 30 year old soil extract as compared to 7 day old soil 
extract.  
Summarizing the results it can be said that  
(1) P. cinnamomi is still actively present at most of the previously infested sites in the 
Victorian National Parks studied. 
(2) Wildfire did not have a permanent effect in eradicating P. cinnamomi from the Victorian 
National Parks studied but prescribed control burning can inhibit the spread and detection 
of P. cinnamomi.  
(3) In a P. cinnamomi-diseased area, the pathogen can pass through different levels of 
detectable inoculum and the appearance of disease depends primarily not only on the 
amount of rainfall the area receives but also on the availability of susceptible hosts and 
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this is influenced by the level of inoculum present in the soil, which is reduced by the 
effect of fire and smoke-water. 
(4) The best possible chance of detecting P. cinnamomi from a burnt area which has 
previously been infested would be sampling after the area has received rainfall and 
vegetation has regenerated 1-1.5 years later.  
 
The continued presence of P. cinnamomi at the sites tested indicated that there is a high 
probability that infection will spread to new areas with tourist traffic, root to root contact and 
water movement. Sites like Reed Lookout and Mt William in the Grampians National Park; Mt 
Oberon Summit, Telegraph Track and Mushroom Rock Track in Wilsons Promontory National 
Park, Captains Creek Road in Kinglake National Park, and the Geebung Track in Brisbane 
Ranges National Park are visited by many tourists, making them a source for further spread of 
infection. A lot of regeneration has been observed in previously diseased areas and reappearance 
of P. cinnamomi in these areas suggests that chances of another outbreak are likely (Weste, 1986; 
Walchhuetter, 2002 and Weste, 2003), provided conditions remain favourable for P. cinnamomi 
spread and infection.  
 
Inability to detect P. cinnamomi at some of the sites such as Syphon Road 2 and Serra Road in 
the Grampians National Park and Wildflower Track in the Brisbane Ranges National Park could 
be due to the inconsistency in numbers of samples collected from all burnt and unburnt sites, 
Davison and Tay (2005) suggested a sample size of 40 for P. cinnamomi detection in Western 
Australia when samples are collected from the margin of dying vegetation and a sample size of 
271 from the whole dieback site. Pryce et al. (2001) suggested that a minimum of 2-4 samples 
were necessary in a 1256 m
2
 area in wet tropics of Northern Queensland to determine if P. 
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cinnamomi was present at that site. Results from this study show that P. cinnamomi was 
detectable from a sample size ranging from 6-69 in Victoria. An intensive level of sampling as 
suggested by Davison and Tay (2005) would have been hard to handle in the laboratory 
particularly while studying several sites in four different National Parks. It would also have been 
economically unfeasible. The inconsistent use of sampling methods such as grid sampling and 
spot sampling at different sites could also be a reason for inability to detected P. cinnamomi.  
This highlights the need for a uniform and standard national guideline for sampling method, 
number of sample required, method of isolation and detection of P. cinnamomi in Australia 
(Pryce et al., 2001; O’Gara et al., 2005). It is also difficult to actually know how P. cinnamomi is 
behaving at a particular site by only two sampling sessions, as P. cinnamoim is heterogeneously 
distributed over a site and frequent regular sampling of the same site would have resulted in 
different recovery rates, particularly after a summer rainfall.  
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CHAPTER – 3 
 
Study of Historic Isolates 
 
3.1 Introduction 
Over 80 different Phytophthora species have been identified so far (Pan et al., 1994; Brasier, 
2009) and new species are being reported all around the globe as more advanced and new 
techniques for identification and detection are developed (Schena et al., 2008; Brasier et al., 
1999). For example Phytophthora foliorum sp. nov. was identified while studying hybrid azalea 
leaves during surveys for the sudden oak death pathogen Phytophthora ramorum in California 
and Tennessee (Ryan et al., 2006). P. ramorum has been known and studied in the past (Werres 
et al., 2001) but only recently was it found to be the cause of sudden oak death (Goheen et al., 
2002). Ivors et al. (2006) reported that it was introduced by man and such large scale devastation 
of oak occured because the pathogen was introduced to a new area and a new host.  Phytophthora 
pinifolia was described as the likely causal agent for a disease causing the death of Pinus radiata 
in the Arauco province of Chile (Wingfield, 2007).  In the last decade new species like P. 
uliginosa, P. europaea and P. psychrophila, P. pseudosyringae on oaks, P. fallax and P. captiosa 
on eucalypts, and  P. nemorosa and P. inundata have been identified (Brasier et al., 2003; Jung et 
al., 2002, 2003; Hansen et al., 2003; Dick et al., 2006). Interspecific hybrids have also been 
reported. In the case of P. alni on alder it is thought to have evolved from P. cambivora and is 
self-fertile (Brasier et al., 1995a).  The chances of these hybrids invading a new host are great if 
they have greater virulence then their parents (Brasier et al., 1995b). P. alni is a heteroploid 
hybrid affecting Alnus trees (Brasier et al., 2004). Cooke and co workers (2007) reported that 
hybrids which inherit the mitochondrial genome from either parent could confuse the results of 
identification. 
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 In Western Australia, Phytophthora cinnamomi has been studied from first report of its presence 
and its role in causing Jarrah (Eucalyptus marginata) dieback in 1960s (Podger et al., 1965).  In 
recent years Phytophthora species other than P. cinnamomi have been reported at sites previously 
infected with P. cinnamomi in Western Australia (Burgess et al., 2009). Phytophthora inundata, 
which is commonly found in Spain; and several other new Phytophthora species and close 
relatives such P. multivora, P. inundata, P. elongate, P. arenaria, P. constricta and many others 
previously unidentified were detected at P. cinnamomi infested sites in WA (Burgess et al. 2009; 
Rea et al., 2010; Rea et al., 2011). The first report of P. inundata infecting Proteaceae specie was 
in the Fitzgerald River National Park in Western Australia (Stukely et al., 2007). Phytophthora 
multivora sp. nov., a new species infecting the bark and cambium of Eucalyptus plants and also 
infecting  Banksia, Agonis and other plant species, was also discovered in Western Australia 
(Scott et al., 2009). Edwards et al. (2010) reported the presence of P. multivora, P. lateriticola 
and P. cinnamomi on Eucalyptus rudis in the riparian river systems in south-west of Western 
Australia.  
 
No large scale survey for detecting different Phytophthora species is known to have been carried 
out in Victoria. Undetected Phytophthora species may still be present or new Phytophthora 
species may have entered Victoria, escaping quarantine. Routine sampling for P. cinnamomi at 
Port Campbell Rifle Range in 2004 resulted in several isolates whose identity was uncertain 
(Noushka Reiter, RMIT, pers. comm.). P. fallax, known to infect Eucalyptus species in New 
Zealand, was recently isolated from one specific location in Kinglake National Park (Ian Smith, 
University of Melbourne, pers. comm.). P. bisheria sp. nov., a recently identified species which 
causes root rot in rose (Netherlands) and strawberries (North Carolina, USA) was described as 
the cause of root rot of  raspberry in Victoria at Knoxfield (Abad et al., 2008). P. siskiyouensis, a 
previously unknown species that infects rhododendron and tanoak in southwestern Oregon 
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(Reeser et al., 2007), was also reported in streams of Victoria, Australia (Ian Smith, University of 
Melbourne, pers. comm.). The origin of these new species in Australia is unclear. It is also not 
known if they were introduced recently or were previously present and have only recently been 
detected due to molecular detection methods.  
 
Many diseases caused by Phytophthora have in the past not been rigorously identified, or have 
been incorrectly attributed to secondary invaders (Tsao, 1990). A study by Scott et al. (2009) in 
Western Australia showed that a group of isolates recently described as P. multivora had been 
misidentified as P. citricola for the last three decades. Molecular and morphological re-
examination of some P. citricola isolates in Europe revealed that the sequences of these isolates 
in GenBank were very similar to P. citricola and hence were described as P. citricola; however, 
based on characters such as paragynous antheridia, semipapillate persistent sporangia and 
absence of catenulate hyphal swellings they were recently described as a new species, 
Phytophthora plurivora sp. nov. (Jung and Burgess, 2009). The new species being found are 
morphologically and genetically different to previously identified species. A recently detected 
species in Western Australia, currently known as Phytophthora sp. 2, is phylogenetically 
different but matches P. bisheria closely, was originally mistaken as P. citricola (Burgess et al., 
2009). Bonants et al. (2005) suggest that the discovery of new Phytophthora species can be as a 
result of identifying previously undetected species or due to hybridization of known species. 
 
Classic methods for distinguishing Phytophthora species are based upon morphological 
characters and growth characteristics (Gallegly’s unpublished key; Ho, 1981; Stamps et al., 1990; 
Waterhouse, 1963). Use of these methods can be difficult and may lead to misidentification due 
to interspecific overlaps and intraspecific variations of morphological characteristics (Erwin, 
1983; Brasier, 1991). Hall (1998) suggested that misidentification of some Phytophthora species 
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may occur due to variations in their morphological characters, such as the formation and shape of 
sporangia, oogonium formation and the nature of hyphal swellings. The use of more precise 
molecular techniques such as PCR, microarrays and sequencing can lead to more rigorous 
specific identification (Cooke et al., 2007).  The use of restriction digests is a fast, efficient and 
economical way of analysing DNA of a large group of cultures (Förster and Coffey 1991). Martin 
and Tooley (2004) and Drenth et al. (2006) successfully demonstrated the use of a DNA-based 
molecular method involving PCR-RFLP for identifying different species of Phytophthora. Re-
examining the historic isolates detected from Victoria would help to know if there was any case 
of misidentification and if so, during what period different Phytophthora species started to appear 
in Victoria. 
 
3.2 Aim 
The main objective was to study isolates thought to be P. cinnamomi collected by previous 
researchers in Victoria and to look for any possible misidentification or unidentified species using 
modern molecular techniques.   
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3.3 Materials and Methods 
 
3.3.1 Culture collection 
A total of 91 cultures dating from 1982, including some identified and some suspected to be P. 
cinnamomi, was collected from different researchers. The sources included: Ian Smith (School of 
Forest and Ecosystem Science, University of Melbourne) (table 3.1), Kaija Jordan (School of 
Botany, University of Melbourne) (table 3.2), David Cahill (Deakin University, Geelong) (table 
3.3), and Noushka Reiter (RMIT University, Melbourne) (table 3.4). These isolates were 
maintained on V8
+ 
Agar medium at 24°C. Square blocks of 5 mm freshly growing mycelium 
were cut from the culture and inoculated into Petri plates with liquid V8
+
 medium. The cultures 
were incubated at 24°C for 7 days. Fungal mycelium was harvested by vacuum drying and stored 
at -20°C until used for DNA extraction. 
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Table 3.1 List of cultures from Ian Smith (Forest and Ecosystem Science, University of 
Melbourne). 
 
Cult
ure 
No. 
Date 
originally 
isolated 
Location Comments 
14 23/02/1982 Carl Smith Rd, 
East Gippsland 
Soil taken from dieback site, research  
plot near Orbost, East Gippsland 
40 6/08/1992 Cabbage Tree, 
East Gippsland 
Soil taken from dieback site, Silvicultural Systems 
Project,  East Gippsland 
41 6/08/1992 Cabbage Tree, 
East Gippsland 
Soil taken from dieback site, Silvicultural  
Systems Project, East Gippsland 
47 1992? Eclipse Ck, 
Brisbane 
Ranges 
Sample A7, Graham Newell, from under Eucalyptus 
viminalis and with Xanthorrhoea australis 
understorey 
83 18/11/1994 Grampians 
National Park 
Sample sent in by D. Tumney 
84 18/11/1994 Grampians 
National Park 
Sample sent in by D. Tumney 
88 24/03/1995 Gelliondale, 
south 
Gippsland 
Samples from Pinus radiata nursery Block 5 Bay 21 
89.4 28/03/1995 Great Otway 
National Park 
 
90  Apr- 1995 Rushworth, 
Baliston 
Isolated from dying Xanthorrhoea australis 
598 5/02/2003 Gelliondale, 
South 
Gippsland 
Samples from Pinus radiata nursery 
699 5/04/2004 Centre Track, 
Ocean Grove 
Nature Reserve 
Dying X. australis 
706 9/07/2004 Near 
Melbourne 
Cricket Ground 
(MCG) 
Canker on plane trees near MCG.  
751 4/07/2005 Memory Lane, 
Neerim East 
Plot G 80 in Pinus radiata survey 
760 7/10/2005 Ocean Grove 
Nature Reserve 
Plot ABC, dying  X. australis 
761 7/10/2005 Ocean Grove 
Nature Reserve 
Plot DE, dying X. australis 
762 7/10/2005 Ocean Grove 
Nature Reserve 
Plot G, dying  X. australis 
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Table 3.2 List of cultures from Kaija Jordan (School of Botany, University of Melbourne). 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.3 List of cultures from David Cahill (Deakin University, Geelong campus). 
Culture No Location 
16 (2006) Anglesea 
10 (2006) Anglesea 
2 (2006) Anglesea 
DUO 13 (2007) Mt Oberon, Wilson’s Promontory National Park 
DUO 28 (2007) Anglesea 
DUO 39 (2007) Otway National Park 
DUO 54 (2007) Anglesea 
CFTT 87 (2007) Traralgon, Vic 
CFTT 89.2 (2007) Great Otway National Park 
DU 2007 (2007) Brisbane Ranges 
 
From the total of 10 cultures, 3 isolates (numbers 2, 10, and 16) were obtained in 2006, whereas 
the other 7 isolates stated in table 3.3 were received in 2007. No information on original date of 
isolation was provided. 
 
 
Culture 
No. 
Date 
originally 
isolated 
Location Comments 
200.06 20/12/2000 Grampians 
National 
Park 
Isolated from X. australis 200 m from 
Wallaby Rocks Road. (Megan Hewett) 
200.07 14/11/2000 Grampians 
National 
Park 
Recovered from Banksia saxicola, Mt 
William Summit Road (Megan Hewett) 
200.08 14/11/2000 Grampians 
National 
Park 
Recovered from Asterolasia phebalioides, 
Mt Victory Road (Megan Hewett) 
200.09 14/05/2002 Brisbane 
Ranges 
Isolated from partially burnt Pultenaea sp. 
Friday’s Picnic Ground, Brisbane Ranges 
(Megan Hewett) 
96.11 No 
information 
Provided by 
Austbloom 
Pty. Ltd. 
Victoria.  
Isolated from infected roots of mature 
plants of Thryptomene calycina  
(Nyoman Aryantha) 
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Table 3.4 List of cultures from Noushka Reiter (School of Applied Sciences, RMIT).  
 
Group A Group B Group C Group D Group X Group Y 
A B  C D 0-5 R 4 E 5 
A 10 B 5  C 0 D 25 R 12 H 
A 70 B 40 C 5 D 35 R 20 H 5 
A 125  B 70 C 225 D 170 R 24 H 40 
A 130 B 90 C 345 D 340 RLT 12-16 I 10 
A 170  B 220 C 440 D 360 RLB 4-8 MNS 05 
A 220 B 390  C 565  DO 0-5 No 14 
A 265 B 465   DO 15 No 23 
A 305 B 480   Pim Orange Pim 45-52 
A 375 B 510   Pim Pink Psp 4 
A 385     Psp 21 
A 395     S 35 
     2004/0857 
     2004/0723 
     R+ 
 
Isolate numbers 2004/0857 and 2004/0723 were isolated from the Royal Botanical Gardens 
Melbourne in 2004. The rest were isolated from Port Campbell Rifle Range in 2004. The isolates 
were separated into different groups for easy analysis. Most were grouped on the basis of the 
transect from which they were collected (fig. 2.14, Chapter 2) (Groups A, B, C and D) and the 
rest of the isolates were placed in Group X and Group Y (table 3.4).  
 
 
 
 
 
 
 
 
 
 166 
Combined study 
As all the cultures obtained were from different sources and locations around Victoria, a 
combined study was designed to examine if the collected isolates had the same digestion profile 
after PCR-RFLP. A total of 15 isolates was selected from the collection of 91 isolates for this 
experiment and later sequenced from the A2 / I2 PCR product (Ian Smith’s isolates 47, 706, 761 
and 762, Kaija Jordan’s isolates 200.06, 200.08, 200.09 and 96.11, David Cahill’s isolates 2, 10 
and 16 and fresh Grampians isolates RL2, RL3, RL4, MWBs2). Four isolates which were 
recently isolated from the Grampians National Park (table 3.5) were included in this study to find 
if there was any difference between the previous and freshly collected isolates. The sequencing 
results for these isolates are mentioned with other sequencing results in table 3.7 
 
Table 3.5 List of fresh cultures from the Grampians National Park used in the combined 
study. 
 
 
 
 
 
 
* Samples were collected by me at specified month and year during the course of this study. 
 
 
 
 
 
 
Culture 
No. 
Date 
originally 
isolated 
Location Comments 
RL2* 11-2006 Reed Lookout  Collected from Leptospermum scoparium; 
the site was burnt in 2005-06 fires 
RL3* 11-2006 Reed Lookout  Collected from Leptospermum scoparium; 
the site was burnt in 2005-06 fires 
RL4* 11-2006 Reed Lookout  Collected from Leptospermum scoparium; 
the site was burnt in 2005-06 fires 
MWBs2* 11-2006 Mt William Collected from underneath a burnt      
Banksia saxicola at mountain top.  
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3.3.2 DNA extraction 
DNA was extracted using a Qiagen DNeasy Plant Mini Kit according to the manufacturer’s 
protocol as described in chapter 2 (section 2.4.5.1).  
 
3.3.3 Polymerase chain reaction (PCR) 
The standard PCR protocol used was 10.5 µl of Nuclease Free Water (Promega), 0.5 µl of each 
primer, 12.5 µl of 2 X GoTaq Green master mix (Promega) and 1 µl of DNA in a total reaction 
volume of 25 µl.  The following reaction cycle was kept standard for all the experiments: initial 
denaturation 95°C for 3 min; 35 cycles of: denaturation 94°C for 30 s, annealing 50°C for 30 s, 
extension 72°C for 2 min final extension for 10 min at 72°C and final holding temperature of 
4°C. 
 
The following primers (table 3.6) were used for the study: ITS-1 and ITS-4 (White et al., 1990), 
ITS-1F (Gardes and Bruns, 1993), A2 and I2 (Drenth et al., 2006), DC6 (Cooke et al., 2000) and 
Phytoph-R (Lee et al., 1993).  
 
Table 3.6 Different primers tested 
Primer name  Oligonucleotide sequence (5’- 3’) 
ITS-1 forward TCCGTAGGTGAACCTGCGG 
ITS- 4 reverse TCCTCCGCTTATTGATATGC 
ITS-1 F forward CTTGGTCATTTAGAGGAAGTAA 
A2- forward ACTTTCCACGTGAACCGTTTCAA 
I2- reverse GATATCAGGTCCAATTGAGATGC 
DC6- forward GAGGCACTTTTGGGTAATCA 
Phytoph-R-reverse GCTATTTAGTTAAAAGCAGA 
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3.3.4 Restriction fragment length polymorphism (RFLP) 
The amplicon obtained using forward primer ITS-1 and reverse primer ITS-4 was digested using 
four single restriction enzymes: Alu1(Promega) , Rsa1 (Fermentas), Msp1 and Taq1 (Promega). 
The PCR amplicon obtained using forward primer A2 and reverse primer I2 was digested by 
three single enzymes: Rsa1, Msp1 and Taq1. The digestion was conducted in a total volume of 5 
µl, comprising 4 µl of PCR amplicon, 0.5 µl of enzyme and 0.5 µl of enzyme buffer. The tubes 
with the samples were mixed and centrifuged for 5-10 s and then incubated. Samples with 
enzymes Alu1, Msp1 and Rsa1 were incubated at 37°C overnight; samples with Taq1 were 
incubated at 65°C for 2 h. 
 
3.3.5 Gel electrophoresis 
In order to check the PCR results, 1.4% (1.4 g low melting agarose powder, 100 ml 1X TBE) 
agarose gels were used throughout the research. The gels were run in 1X TBE (Tris base 54 g, 
boric acid 27.5 g, EDTA 20 ml, pH 8.0) at 80-100 or 100-120 volts depending on the tank size. 
The results of restriction digestion were checked on 3% agarose gels to obtain more band 
separation as the bands ranged from 50 to 500 bp.   
 
DNA purification, sequence reaction and precipitation steps were carried out as mentioned in 
chapter 2 (sections: 2.4.4.5, 2.4.4.6, 2.4.4.7) and dried DNA samples were sent for sequencing at  
Micromon DNA sequencing facility at Monash Biomedical Sciences Precinct, Monash 
University.   
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3.4 Results 
 
3.4.1 Cultures from Ian Smith  
All 16 isolates produced amplicons using primers ITS-1 / ITS-4 (fig. 3.1 A) with a single band of 
900 bp. An extra band of 600 bp was observed in five of the isolates (598, 89.4, 88, 40 and 762), 
suggesting fungal contamination. These isolates were sub-cultured on selective PARBH agar to 
eradicate other contaminants and obtain pure cultures. Initial digestion using only two enzymes, 
Rsa1 (fig. 3.1 B) and Alu1 (fig. 3.1 C) was carried out with the uncontaminated isolates in order 
to standardize the RFLP procedure and all looked identical with both enzymes.  
 
Following Drenth’s method (Drenth et al., 2006) as described in chapter 2, PCR using 
Phytophthora-specific A2 (forward) and I2 (reverse) primers (fig. 3.2 A) produced an amplicon 
with a single band of 830 bp for 15 of the 16 isolates as reported by Drenth et al. (2006), except 
that isolate 762 (Lane 8, fig. 3.2 A) had a smaller single band at 800 bp. Restriction digestion 
using Msp1 (fig. 3.2 B) showed that isolate 762 (Lane 3), isolate 88 (Lane 14) and isolate 706 
(Lane 16) had a different banding pattern from the remaining isolates, which all had a similar 
banding pattern. With Rsa1 (fig. 3.2 C) all isolates had a similar banding patterns except isolate 
83 (Lane 4), isolate 762 (Lane 8) and isolate 706 (Lane 14). All isolates except isolate 762 (Lane 
13) had an identical banding pattern when digested using Taq1 enzyme (fig. 3.2 D). RFLP was 
repeated for six selected isolates including the ones that had a distinct pattern using Rsa1 and 
Msp1 (fig. 3.2 E) and Taq1 (fig. 3.2 F). The results were similar to those obtained earlier. Isolate 
762 matched the digestion patterns for P. cryptogea (Drenth et al., 2006). Isolates 88 and 706 did 
not match the P. cinnamomi patterns exactly but the remaining 12 matched the exact pattern for 
P. cinnamomi. A total of 8 out of the 16 isolates were selected for sequencing (fig. 3.2A, stars) 
 170 
The sequencing results (table 3.7 p. 183-5) showed that isolate 762 from 2005 most closely 
matched P. cryptogea but all the other selected isolates (14, 47, 83, 84, 761 and 706) from 1982-
2005 most closely matched P. cinnamomi.   
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Figure 3.1 Molecular analysis of isolates from Ian Smith using ITS-1 / and ITS-4 primers. 
Figure 3.1-A PCR products of sixteen Phytophthora isolates with ITS-1/ITS-4 primers Lane 1: 
100 bp ladder, lane 2: 706, lane 3: 90, lane 4: 76, lane 5: 47, lane 6: 751, lane 7: 598, lane 8: 84, 
lane 9: 41, lane 10: 760, lane 11: 89.4, lane 12: 699, lane 13: 88, lane 14: 40, lane 15: 14, lane 16: 
762, lane 17: 83, lane 18: blank, lane 19: blank, lane 20: 100 bp ladder. Figure 3.1-B Restriction 
digest patterns with Rsa1 of the PCR amplicon after using ITS-1/ITS-4 primers. Lane 1: 100 bp 
ladder, lane 2: 83, lane 3: 41, lane 4: 761, lane 5: 90, lane 6: 760, lane 7: 706, lane 8: 751, lane 9: 
47, lane 10: 699, lane 11: 14, lane 12: 84. Figure 3.1-C Restriction digest patterns with Alu1 of 
the PCR amplicon after using ITS-1/ITS-4 primers. Lane 1: 100 bp ladder, lane 2: 47, lane 3: 90, 
lane 4: 751, lane 5: 706, lane 6: 760, lane 7: 761, lane 8: 41, lane 9: 83, lane 10: 14, lane 11: 84, 
lane 12: 699. 
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Figure 3.2 Molecular analysis of isolates from Ian Smith using A2 / I2 primers. 
 
Figure 3.2-A PCR products of sixteen Phytophthora isolates with A2/I2 primers. Lane 1: 100 bp ladder, 
lane 2: 706, lane 3: 84, lane 4: 14, lane 5: 90, lane 6: 761, lane 7: 699, lane 8: 762, lane 9: 88, lane 10: 760, 
lane 11: 89.9, lane 12: 751, lane 13: 47, lane 14: 589, lane 15: 41, lane 16: 40, lane 17: 83. Figure 3.2-B 
Restriction digest patterns with Msp1 of the PCR amplicon after using A2 / I2 primers. Lane 1: 100 bp 
ladder, lane 2: 598, lane 3: 762, lane 4: 41, lane 5: 89.9, lane 6: 83, lane 7: 90, lane 8: 760, lane 9: 699, 
lane 10: 40, lane 11: 47, lane 12: 14, lane 13: 761, lane 14: 88, lane 15: 84, lane 16: 706, lane 17: 751, lane 
18 100 bp ladder. Figure 3.2-C Restriction digest patterns with Rsa1 of the PCR amplicon after using A2 
/ I2 primers. Lane 1: 100 bp ladder, lane 2: 699, lane 3: 761, lane 4: 83, lane 5: 40, lane 6: 41, lane 7: 598, 
lane 8: 762, lane 9: 88, lane 10: 89.9, lane 11: 760, lane 12: 47, lane 13: 14, lane 14: 706, lane 15: 84, lane 
16: 751, lane 17: 90, lane 18 100 bp ladder. Figure 3.2-D Restriction digest patterns with Taq1 of the 
PCR amplicon after using A2 / I2 primers. Lane 1: 100 bp ladder, lane 2: 14, lane 3: 751, lane 4: 761, lane 
5: 84, lane 6: 598, lane 7: 41, lane 8: 90, lane 9: 706, lane 10: 47, lane 11: 83, lane 12: 40, lane 13: 762, 
lane 14: 88, lane 15: 699, lane 16: 760, lane 17: 89.9, lane 18 100 bp ladder. Figure 3.2-E Restriction 
digest patterns of PCR amplicon after using A2 / I2 primers with Rsa1 Lane 1: 100 bp ladder, lane 2: 84, 
lane 3: 761, lane 4: 88, lane 5: 706, lane 6: 762, lane 7: 83, lane 8: blank. Restriction digest with Msp1 
lane 9: 100 bp ladder, lane 10: 84, lane 11: 88, lane 12: 706, lane 13: 762, lane 14: 83, lane 15: 761. 
Figure 3.2-F Restriction digests patterns with Taq1 of the PCR amplicon after using A2 / I2 primers. 
Lane 1: 100 bp ladder, lane 2: 84, lane 3: 761, lane 4: 88, lane 5: 706, lane 6: 762, lane 7: 83, lane 8: 100 
bp ladder. 
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3.4.2 Cultures from Kaija Jordan  
PCR for these cultures was carried out with three different sets of primers, ITS-1/ITS-4 (fig. 
3.3A, fig. 3.4A), A2/I2 (fig. 3.3A) and DC6/PhytophR (fig. 3.4A). Primers DC6 and PhytophR 
had been used for P. cinnamomi detection in the past by Noushka Reiter (pers. comm.).  
 
The PCR results with ITS primers showed that isolate 200.07 (Lane 4, fig. 3.3 A) had a band size 
around 600 bp as compared to others which were about 900 bp, suggesting fungal contamination. 
PCR with A2 and I2 primers (fig. 3.3A) indicated that all isolates were detectable by these 
primers and had a single band of 830 bp. The RFLP results (fig. 3.3 B) using Taq1, Rsa1, and 
Msp1 showed that all tested isolates had an identical banding pattern which matched the digestion 
patterns of  P. cinnamomi described by Drenth et al. (2006). All five isolates were selected for 
sequencing (fig. 3.3A stars) and results showed that isolate 200.07 was Acremonium strictum W. 
Gams and the remaining were P. cinnamomi (table 3.7). Isolate 200.07 was thus possibly P. 
cinnamomi contaminated with A. strictum. 
 
PCR of only four isolates was carried out using DC6/PhytophR primers; isolate 200.07 was not 
used as it was contaminated. All isolates produced a single amplicon of 650 bp. Restriction 
digests using the amplicon from these primers was not efficient (fig. 3.4 B). Digestion using Rsa1 
showed only two cutting sites where Msp1 was unable to cut at any site.  
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Figure 3.3 Molecular analysis of isolates from Kaija Jordan using ITS-1 / ITS-4 and A2 / I2 
primers. 
 
Figure 3.3-A PCR products of five Phytophthora isolates with ITS-1 / ITS-4 primers. Lane 1: 
100 bp ladder, lane 2: blank, lane 3: 200.09, lane 4: 200.07, lane 5: 200.06, lane 6: 200.08, lane 7: 
96.11, with A2 / I2  primers lane 8: blank, lane 9: 200.09, lane 10: 200.07, lane 11: 200.06, lane 
12: 200.08, lane 13: 96.11 Figure 3.3-B Restriction digest patterns of the PCR amplicon after 
using A2 and I2 primers with Taq1 Lane 1: 100 bp ladder, lane 2: 200.09, lane 3: 200.07, lane 4: 
200.06, lane 5: 200.08, lane 6: 96.11. Restriction digest with Rsa1 lane 7: 100 bp ladder, lane 8: 
200.09, lane 9: 200.07, lane 10: 200.06, lane 11: 200.08,  Lane 12: 96.11. Restriction digest with 
Msp1 lane 13: 200.09, lane 14: 200.07, lane 15: 200.06, lane 16: 200.08, lane 17: 96.11, lane 18: 
100 bp ladder.  
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Figure 3.4 Molecular analysis of isolates from Kaija Jordan using ITS-1 / ITS-4 and DC6 / 
PhytophR primers. 
 
Figure 3.4-A PCR products of four Phytophthora isolates with ITS-1/ ITS-4 primers. Lane 1: 
100 bp ladder, lane 2: blank, lane 3: 200.06, lane 4: 200.08, lane 5: 200.09, lane 6: 96.11, lane 7: 
blank, with DC6/ PhytophR primers at different primer concentrations. At 0.5%, lane 8: blank, 
lane 9: 200.06, lane 10: 200.08, lane 11: 200.09, lane 12: 96.11. At 0.3%, lane 13: 200.06, lane 
14: 200.08, lane 15: 200.09, lane 16: 96.11. At 0.1%, lane 17: 200.06, lane 18: 200.08, lane 19: 
200.09, lane 20: 96.11 Figure 3.4-B Restriction digest patterns of the PCR amplicon after using 
DC6 / PhytophR primers. With Taq1 Lane 1: 100 bp ladder, lane 2: 200.06, lane 3: 200.08, lane 
4: 200.09, lane 5: 96.11, Restriction digest with Rsa1. Lane 6: blank, lane 7: 200.06, lane 8: 
200.08, lane 9: 200.09, lane 10: 96.11,  Restriction digest with Msp1 Lane 11: blank, lane 12: 
200.06, lane 13: 200.08, lane 200.09, lane 15: 96.11. 
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3.4.3 Cultures from David Cahill  
 
All 2007 isolates produced amplicons of about 830 bp with A2 / I2 primers as did isolates 2 and 
200.08 included as control (fig 3.5 A). Digestion with each of the three restriction enzymes 
produced banding pattern for all isolates except isolate DU 2007 that resembled those described 
for P. cinnamomi by Drenth et al. (2006) (fig. 3.5 B-D). Digestion of DU 2007 PCR product 
resulted in blank lanes (fig. 3.5 B-D). PCR of isolate 16 also produced the expected PCR 
amplicon of 830 bp and the banding pattern with Taq1 and Msp1 for P. cinnamomi, but the 
banding pattern for Rsa1 did not resemble to that of P. cinnamomi (fig. 3.5 E, F). Isolate 10 
produced a smaller PCR band of 800 bp and digestion pattern that did not resemble those of P. 
cinnamomi (fig. 3.5 E, F).  
 
Isolates 2, 10 and 16 (fig. 3.5 E, stars) were selected for sequencing. Sequencing results (table 
3.7) of these isolates revealed that isolate 2 most closely matched P. cinnamomi, isolate 10 most 
closely matched P. cryptogea and isolate 16 most closely matched P. niederhauserii. Isolate DU 
2007 was detected by A2 / I2 primers but no digestion product was visible with any of the 
three enzymes used. Further investigation could not be carried out on this isolate as the original 
culture was lost to contamination and a replacement could not be provided from the source. 
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Figure 3.5 Molecular analysis of isolates from David Cahill (2007). 
 
Figure 3.5-A PCR products of 2007 isolates with A2 / I2 primers Lane 1: 100 bp ladder, lane 2: 
blank, lane 3: No 2, lane 4: 200.08, lane 5: DUO 13, lane 6: DUO 28, lane 7: DUO 39, lane 8: 
DUO 54, lane 9: CFTT 87, lane 10: CFTT 89.2, lane 11: DU 2007. Figure 3.5-B restriction 
digests profile with Msp1 of PCR product of 2007 isolates using A2 / I2 primers. Lane 1: 100 bp 
ladder, lane 2: DUO 13, lane 3: DUO 28, lane 4: DUO 39, lane 5: DUO 54, lane 6: CFTT 87, 
lane 7: CFTT 89.2, lane 8: DU 2007. Figure 3.5-C restriction digests profile with Rsa1 of PCR 
product of 2007 isolates using A2 / I2 primers. Lane 1: 100 bp ladder, lane 2: DUO 13, lane 3: 
DUO 28, lane 4: DUO 39, lane 5: DUO 54, lane 6: CFTT 87, lane 7: CFTT 89.2, lane 8: DU 
2007. Figure 3.5-D restriction digests profile with Taq1 of PCR product of 2007 isolates using 
A2 / I2 primers. Lane 1: 100 bp ladder, lane 2: DUO 13, lane 3: DUO 28, lane 4: DUO 39, lane 5: 
DUO 54, lane 6: CFTT 87, lane 7: CFTT 89.2, lane 8: DU 2007.  
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Figure 3.5-E PCR products of 2006 isolates with A2 / I2 primers Lane 1: 100 bp ladder, lane 2: 
blank, lane 3: 10, lane 4: 16, lane 5: 2, with ITS-1 / ITS-4 primers lane 6: 10, lane 7: 16, lane 8: 2. 
Figure 3.5-F Restriction digest patterns of the PCR amplicon of 2006 isolates after using A2 / I2 
primers. With Rsa1 Lane 1: 100 bp ladder, lane 2: blank, lane 3: 2, lane 4: 10, lane 5: 16, with 
Taq1 lane 6: 100 bp ladder, lane 7: blank, lane 8: 2 lane 9: 10, lane 10: 16, with Msp1 lane 11: 
100 bp ladder, lane 12: blank, lane 13: 2, lane 14: 10, lane 15: 16 and lane 16: 100 bp ladder.  
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3.4.4 Combined study 
PCR with A2 / I2 primers produced an amplicon of 830 bp for each isolate except for isolates 762 
and 10 (fig. 3.6 A, lanes 5 and 15), which each had an amplicon of 800 bp. RFLP results using 
Taq1 (fig. 3.6 B), Msp1 (fig. 3.6 C) and Rsa1 (fig. 3.6 D) enzymes showed that banding pattern 
of isolates 762 and 10 were similar to each other but did not resemble that for P. cinnamomi. 
Digestion patterns of isolate 16 with Taq1 and Msp1 resembled for that of P. cinnamomi, but 
digestion patterns with Rsa1 16 had different digestion pattern from the others.  
 
All isolates used in this study were selected for sequencing (fig. 3.6 A, stars). Results (table 3.7 p. 
183) showed that isolates 762 and 10 matched P. cryptogea and isolate 16 matched P. 
niederhauserii. All other isolates were close matches (97 -100%) to P. cinnamomi apart from 
200.07, which most closely matched A. strictum. No variation in terms of digestion patterns was 
observed between the historic P. cinnamomi isolates and freshly collected isolates from the 
Grampians National Park. 
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Figure 3.6 Molecular analysis of different Phytophthora isolates used in combined study. 
Figure 3.6-A PCR products of different Phytophthora isolates with A2 / I2 primers. Lane 1: 100 
bp ladder, lane 2: 47, lane 3: 706, lane 4: 761, lane 5: 762, lane 6: RL2, lane 7: RL3, lane 8: RL4, 
lane 9: MWBs2, lane 10: 200.06, lane 11: 200.08, lane 12: 200.09, lane 13: 96.11, lane 14: 2, 
lane 15: 10, lane 16: 16, lane 17: blank. Figure 3.6-B Restriction digest patterns with Taq1 of the 
PCR amplicon after using A2 / I2 primers. Lane 1: 100 bp ladder, lane 2: 47, lane 3: 706, lane 4: 
761, lane 5: 762, lane 6: blank, lane 7: RL2, lane 8: RL3, lane 9: RL4, lane 10: MWBs2, lane 11: 
blank, lane 12: 200.06, lane 13: 200.08, lane 14: 200.09, lane 15: 96.11, lane 16: blank, lane 17: 
2, lane 18: 10, lane 19: 16, lane 20: 100 bp ladder. Figure 3.6-C Restriction digest patterns with 
Msp1 of the PCR amplicon after using A2 / I2 primers. Lane 1: 100 bp ladder, lane 2: 47, lane 3: 
706, lane 4: 761, lane 5: 762, lane 6: blank, lane 7: RL2, lane 8: RL3, lane 9: RL4, lane 10: 
MWBs2, lane 11: blank, lane 12: 200.06, lane 13: 200.08, lane 14: 200.09, lane 15: 96.11, lane 
16: blank, lane 17: 2, lane 18: 10, lane 19: 16, lane 20: 100 bp ladder. Figure 3.6-D Restriction 
digest patterns with Rsa1 of the PCR amplicon after using A2 / I2 primers. Lane 1: 100 bp 
ladder, lane 2: 47, lane 3: 706, lane 4: 761, lane 5: 762, lane 6: blank, lane 7: RL2, lane 8: RL3, 
lane 9: RL4, lane 10: MWBs2, lane 11: blank, lane 12: 200.06, lane 13: 200.08, lane 14: 200.09, 
lane 15: 96.11, lane 16: blank, lane 17: 2, lane 18: 10, lane 19: 16, lane 20: 100 bp ladder.  
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3.4.5 Cultures from Noushka Reiter  
 
A total of 60 isolates was obtained from Noushka Reiter (table 3.4).  Twenty-nine of these 
isolates produced PCR amplicons using A2 / I2 primers (fig. 3.7 and fig. 3.9) with varying band 
sizes. Isolates A, A 10, and A 130 (fig. 3.7 A. Lanes 3, 4 and 7) in group-A had bands of 800 bp, 
800 bp and 750 bp, respectively. Isolates B, B 5, B 480 and B 510 (fig. 3.7 B. Lanes 3, 4, 11 and 
12) in group B had  bands of 830 bp, 830 bp, 750 bp and 750 bp, respectively. Isolates C, C 0,     
C 5, C 345 and C 440 (fig. 3.7 B. Lanes 13, 14, 15, 17 and 18) in group C had  amplicons of        
830 bp, 830 bp, 830 bp, 750 bp and 830 bp, respectively. Isolates D 0-5, D 25 and D 35 (fig 3.7 
A. Lanes 15, 16 and 17) in group D had amplicons of 800 bp, 700 bp and 900 bp, respectively. 
All group X isolates had a band of 830 bp, resembling as expected for P. cinnamomi. Isolates E 
5, H, I 10 and R+ (fig. 3.7 C. Lanes 3, 4, 7 and 10) in group Y all produced amplicons at 800 bp.  
 
RFLP showed a variety of patterns with DNA from those isolates that produced amplicons with 
A2 / I2 primers. Isolates A, A 10, B 480, B 510 and D 25 (fig 3.8 A, B and C. Lanes 2, 3, 7, 8 and 
15) and E 5 (fig 3.8 D Lane 2, 8, 14) had similar digestion patterns with all three restriction 
enzymes. Amplicons from isolates B, B 5, C, C 0 and C 440, had similar digestion patterns to  
one another with Msp1 and Rsa1 (fig 3.8 A and B. Lanes 5, 6, 9, 10 and 13) but not with Taq1, 
where that from isolate B had a different pattern from the rest (fig 3.8  C. Lane 5). The Msp1 
enzyme did not cut amplicons from isolates A 130, C 5, C 345, D 0-5, and D 35 (fig. 3.8 A. 
Lanes 4, 11, 12, 14 and 16); amplicons from isolates A 130 and C 345 had distinct digestion 
patterns from the others with Rsa1 (fig. 3.8 B. Lanes 4, 11, 12 and 16) and isolates D 0-5 resulted 
in a blank lane (fig. 3.8 B, Lanes 14). Taq1 digestion showed that isolates A 130, C, C 440 (fig. 
3.8 C. Lane 4, 9 and 13) had a similar pattern to that of isolate B 5 (fig. 3.8 C. Lane 6).  Isolate C 
345 had a different Taq1 digestion pattern compared to all other isolates (fig. 3.8 C. Lane 12) and 
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Taq1 did not cut amplicons from isolates C 5, D 0-5, and D 35 (fig. 3.8 C. Lanes 11, 14 and 16). 
Digestion patterns for all group X isolates with enzymes Msp1 (fig. 3.9 B), Rsa1 (fig 3.9 C) and 
Taq1 (fig. 3.9 D) were similar to those expected for P. cinnamomi isolates.  
 
Eleven out of the 29 tested isolates had digestion patterns resembling those of P. cinnamomi 
according to Drenth et al. (2006) (table 3.7 p 190). Fifteen isolates (fig. 3.7 A-C, fig. 3.9 A, stars) 
were selected for sequencing. Results showed that isolate A, A 10, E 5 and I 10 most closely 
matched P. cryptogea, isolates B 5, C and C 440 most closely matched P. gonapodyides, isolates 
B 510 and C 345 matched a Pythium sp. isolate A 130 most closely matched Pythium 
helicandrum, isolate D 25 matched Fusarium oxysporum, isolate D 35 matched Pythium sterlium, 
and isolates R+, R 12 and RLT 12-16 most closely matched P. cinnamomi.  
 
Construction of the phylogenetic tree (fig. 3.10) showing the relationship between the 43 isolates 
including historic and freshly collected isolates (Geebung Track G20 and G21), (Captains Creek 
CC6 and CC14), (Wilsons Promontory National Park T3) showed that isolates from Ian Smith 
(IAN 14, 47 and 84) even though a 99-100% close match to P. cinnamomi when sequenced were 
100% different from the other historic (200.06, 200.08, 761) as well as freshly collected isolates 
(RL2, RL3 and RL4) that were also 99-100% close match to P. cinnamomi, whereas isolate 
PCRR C440, B5 and C were only a 79%, 93% match to P. gonapodyides and isolate 16 was only 
97% match to Phytophthora niederhauserii suggesting that they could be some other species of 
Phytophthora. Some of the isolates such as (200.07, A 130, B 510, C, 345, D 25, D 35, RL1, RL6 
and RL9) were sequenced to know what fungal species they were. 
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Figure 3.7 Molecular analysis of isolates from Noushka Reiter (Port Campbell Rifle Range) 
group A, B, C, D, and Y. 
 
Figure 3.7-A PCR products of group A and group D isolates from Port Campbell Rifle Range 
using A2 / I2 primers, Lane 1: 100 bp ladder, lane 2: blank, lane 3: A, lane 4: A 10, lane 5: A 70, 
lane 6: A 125, lane 7: A 130, lane 8: A 170, lane 9: A 220, lane 10: A 265, lane 11: A 305, lane 
12: A 375, lane 13: A 385, lane 14: A 395, lane 15: D 0-5, lane 16: D 25, lane 17: D 35, lane 18: 
D 170, lane 19: D 340, lane 20: D 360. Figure 3.7-B PCR products of group B and group C 
isolates from Port Campbell Rifle Range using A2 / I2 primers. Lane 1: 100 bp ladder, lane 2: 
blank, lane 3: B, lane 4: B 5, lane 5: B 40, lane 6: B 70, lane 7: B 90, lane 8: B 220, lane 9: B 
390, lane 10: B 465, lane 11: B 480, lane 12: B 510, lane 13: C, lane 14: C 0, lane 15: C 5, lane 
16: C 225, lane 17: C 345, lane 18: C 440, lane 19: C 565, lane 20: empty. Figure 3.7-C PCR 
products of group Y isolates from Port Campbell Rifle Range using A2 / I2 primers. Lane 1: 100 
bp ladder, lane 2: blank, lane 3: E 5, lane 4: H, lane 5: H 5, lane 6: H 40, lane 7: I 10, lane 8: Psp 
4, lane 9: Psp 12, lane 10: R+, lane 11: S 35, lane 12: No 14. 
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Figure 3.8-A Restriction digest profile of PCR products using A2 / I2 primers of isolates from 
Port Campbell Rifle Range. With Msp1. Lane 1: 100 bp ladder, lane 2: A, lane 3: A 10, lane 4: A 
130, lane 5: B, lane 6: B 5, lane 7: B 480, lane 8: B 510, lane 9: C, lane 10: C 0, lane 11: C 5, 
lane 12: C 345, lane 13: C 440, lane 14: D 0-5, lane 15: D 25, lane 16: D 35. Figure 3.8-B. With 
Rsa1 Lane 1: 100 bp ladder, lane 2: A, lane 3: A 10, lane 4: A 130, lane 5: B, lane 6: B 5, lane 7: 
B 480, lane 8: B 510, lane 9: C, lane 10: C 0, lane 11: C 5, lane 12: C 345, lane 13: C 440, lane 
14: D 0-5, lane 15: D 25, lane 16: D 35. Figure 3.8-C. With Taq1 Lane 1: 100 bp ladder, lane 2: 
A, lane 3: A 10, lane 4: A 130, lane 5: B, lane 6: B 5, lane 7: B 480, lane 8: B 510, lane 9: C, lane 
10: C 0, lane 11: C 5, lane 12: C 345, lane 13: C 440, lane 14: D 0-5, lane 15: D 25, lane 16: D 
35. Figure 3.8-D. With Msp1 Lane 1: 100 bp ladder, lane 2: E 5, lane 3: H, lane 4: I 10, lane 5: 
R+, lane 6: empty. With Rsa1, lane 7: 100 bp ladder, lane 8: E 5, lane 9: H, lane 10: I 10, lane 11: 
R+, lane 12: empty, With Taq1, lane 13: 100 bp ladder, lane 14: E 5, lane 15: H, lane 16: I 10, 
lane 17: R+. 
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Figure 3.9 Molecular analysis of isolates from Noushka Reiter (Port Campbell Rifle Range) 
group X. 
Figure 3.9-A PCR products for group X isolates using A2/I2 primers. Lane 1: 100 bp ladder, 
lane 2: blank, lane 3: R4, lane 4: R 12, lane 5: R 20, lane 6: R 24, lane 7: RLB 4-8, lane 8: RLT 
12-16, lane 9: Pim orange, lane 10: Pim pink, lane 11: DO 0-5, lane 12: DO 15, lane 13: 100 bp 
ladder. Figure 3.9-B Restriction digest profile with Msp1 enzyme of PCR product using A2/I2 
primers Lane 1: 100 bp ladder, lane 2: R4 lane 3: R 12, lane 4: R 20, lane 5: R 24, lane 6: RLB 4-
8, lane 7: RLT 12-16, lane 8: Pim orange, lane 9: Pim pink, lane 10: DO 0-5, lane 11: DO 15, 
lane 12: 100 bp ladder. Figure 3.9-C Restriction digest profile with Rsa1 enzyme of PCR 
product using A2/I2 primers Lane 1: 100 bp ladder, lane 2: R4 lane 3: R 12, lane 4: R 20, lane 5: 
R 24, lane 6: RLB 4-8, lane 7: RLT 12-16, lane 8: Pim orange, lane 9: Pim pink, lane 10: DO 0-5, 
lane 11: DO 15, lane 12: 100 bp ladder. Figure 3.9-D Restriction digest profile with Taq1 
enzyme of PCR product using A2/I2 primers Lane 1: 100 bp ladder, lane 2: R4 lane 3: R 12, lane 
4: R 20, lane 5: R 24, lane 6: RLB 4-8, lane 7: RLT 12-16, lane 8: Pim orange, lane 9: Pim pink, 
lane 10: DO 0-5, lane 11: DO 15, lane 12: 100 bp ladder  
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Table 3.7 Details of all isolates sequenced using ITS-1/ITS-4 primers. 
Isolate 
No. 
Source Year 
initially 
isolated 
Location Closets match Species and 
GenBank accession No. 
14 Ian Smith 23/02/1982 Carl Smith Rd, East 
Gippsland 
98% P. cinnamomi Rands 
GU 191210.1 
 
47 Ian Smith 1992 Eclipse Creek, Brisbane 
Ranges 
99% P. cinnamomi Rands 
GU 191210.1 
 
84 Ian Smith 18/11/1994 Grampians National Park 100% P. cinnamomi Rands 
GU 191210.1 
 
88 Ian Smith 24/03/1995 Gelliondale, South 
Gippsland 
99% Uncultured Fungus 
FJ 2659281.1 
 
200.08 Kaija 
Jordan 
14/11/2000 Grampians National Park 100% P. cinnamomi Rands 
GU 191210.1 
 
200.07 Kaija 
Jordan 
14/11/2000 Grampians National Park 99% Acremonium strictum 
W. Gams 
FR 694874.1 
 
200.06 Kaija 
Jordan 
20/12/2000 Grampians National Park 100% P. cinnamomi Rands 
GU 191210.1 
 
200.09 Kaija 
Jordan 
14/05/2002 Brisbane Ranges National 
Park 
100% P. cinnamomi Rands 
GU 191210.1 
 
96.11 Kaija 
Jordan 
No 
information 
Provided by Austbloom Pty. 
Ltd. Victoria. Nyoman 
Aryantha 
100% P. cinnamomi Rands 
GU 191210.1 
A Noushka 
Reiter 
2004 Port Campbell Rifle Range 99% Phytophthora cryptogea 
Pethybr and Laff 
GQ 463702.1 
 
A 10 Noushka 
Reiter 
2004 Port Campbell Rifle Range 99% Phytophthora cryptogea 
Pethybr and Laff  
HM 627524.1 
 
A 130 Noushka 
Reiter 
2004 Port Campbell Rifle Range 99% Pythium helicandrum 
Drechsler 
AY 598653.1 
 
B 5 Noushka 
Reiter 
2004 Port Campbell Rifle Range 93% Phytophthora 
gonapodyides  
(H.E. Petersen) Buisman  
GU 259024.1 
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Table 3.7 continued.  
B 510 Noushka 
Reiter 
2004 Port Campbell Rifle Range 87% Pythium sp.  UZ 612           
AB 468814.1 
 
C Noushka 
Reiter 
2004 Port Campbell Rifle Range 95% Phytophthora 
gonapodyides  
(H.E. Petersen) Buisman  
GU 259024.1 
 
C 345 Noushka 
Reiter 
2004 Port Campbell Rifle Range 89% Pythium sp.  UZ 612           
AB 468814.1 
 
C 440 Noushka 
Reiter 
2004 Port Campbell Rifle Range 79% Phytophthora 
gonapodyides  
(H.E. Petersen) Buisman  
GU 259024.1 
 
D 25 Noushka 
Reiter 
2004 Port Campbell Rifle Range 95% Fusarium oxysporum 
Schltdl   
GU136493.1 
 
D 35 Noushka 
Reiter 
2004 Port Campbell Rifle Range 95% Pythium sterilum 
Belbahri and Lefort 
DQ 403789.1 
 
E 5 Noushka 
Reiter 
2004 Port Campbell Rifle Range 99% Phytophthora cryptogea 
Pethybr and Laff  
HM 627524.1 
 
I 10 Noushka 
Reiter 
2004 Port Campbell Rifle Range 100% Phytophthora cryptogea  
Pethybr and Laff  
GU 259279.1 
 
R + Noushka 
Reiter 
2004 Port Campbell Rifle Range 100% P. cinnamomi Rands 
GU 191210.1 
 
R 12 Noushka 
Reiter 
2004 Port Campbell Rifle Range 99% P. cinnamomi Rands 
GU 191210.1 
 
RLT12-
16 
Noushka 
Reiter 
2004 Port Campbell Rifle Range 97% P. cinnamomi Rands 
GU 191210.1 
 
706 Ian Smith 9/7/2004 Near Melbourne Cricket 
Ground 
99% P. cinnamomi Rands 
GU 191210.1 
 
83 Ian Smith 7/10/2005 Grampians National Park 99% P. cinnamomi Rands 
GU 191210.1 
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Table 3.7 continued 
761 Ian Smith 7/10/2005 Ocean Grove Nature 
Reserve 
99% P. cinnamomi Rands 
GU 191210.1 
 
762 Ian Smith 7/10/2005 Ocean Grove Nature 
Reserve 
99% Phytophthora cryptogea 
Pethybr and Laff 
GQ 436702.1 
 
2 David 
Cahill 
2006 Anglesea 100% P. cinnamomi Rands 
GU 191210.1 
 
10 David 
Cahill 
2006 Anglesea 99% Phytophthora cryptogea 
Pethybr and Laff 
AY99538.1 
 
16 David 
Cahill 
2006 Anglesea 97% Phytophthora 
niederhauserii  
Abad and Abad 
GQ 848201.1 
 
RL1 Myself 2006 Grampians National Park 99% Ceratobasidium sp.  
GQ 405550.1 
D.P.Rogers 
99%  Vouchered mycorrhizae 
DQ 028819.1 
 
RL2 Myself 11/ 2006 Grampians National Park 99% P. cinnamomi Rands 
GU 191210.1 
 
RL3 Myself 11/ 2006 Grampians National Park 99% P. cinnamomi Rands 
GU 191210.1 
 
RL4 Myself 11/ 2006 Grampians National Park 100% P. cinnamomi Rands 
GU 191210.1 
 
RL6 Myself 11/ 2006 Grampians National Park 98% Trichoderma viride Pers. 
HM 776435.1 
 
RL9 Myself 11/ 2006 Grampians National Park 99% Pythium undulatum  
H.E. Petersen 
FJ 802126.1 
 
MwBs2 Myself 11/ 2006 Grampians National Park 100% P. cinnamomi Rands 
GU 191210.1 
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Figure 3.10 Relationship between 43 isolates including historic and freshly collected isolates 
sequenced as stated in table 2.11, 2.13, 2.17, 2.19 and table 3.7. Where IAN= Ian Smith, PCRR= 
Port Campbell Rifle Range, DAVID= David Cahill, RL= Reeds Lookout and MwBs2 = Mt. William in 
Grampians National Park, 200.06,07,08,09 and 96.11 = isolates from Kaija Jordan, CC= Captains Creek, G= 
Geebung Track and T3= Mushroom Track site in Wilsons Promontory National Park.   
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3.4.6 Morphological observations 
Mycelial growth and sporulation on V8 medium of five day old cultures showed that P. 
cinnamomi (fig. 3.11 A, B & C) was more coralloid and produced more chlamydospores than P. 
niederhauserii (fig. 3.11 E), whereas P. cryptogea mycelium was not coralloid and did not 
produce any chlamydospores (fig. 3.11 D). 
                         
     
 
 
                         
 
 
 
 
 
 
Figure 3.11-A P. cinnamomi mycelium and 
chlamydospores. Bar = 60 µm (Isolate 2)    
Figure 3.11-B P. cinnamomi mycelium and 
hyphal swellings. Bar = 60 µm (Isolate 200.06)    
Figure 3.11-C P. cinnamomi mycelium and 
chlamydospores. Bar = 60 µm (Isolate 200.06)    
Figure 3.11-D P. cryptogea mycelium 
Bar = 60 µm (Isolate 762)    
Figure 3.11-E P. niederhauserii mycelium and 
chlamydospores. Bar = 60 µm (Isolate 16)    
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3.5 Discussion 
This study of historic isolates using modern molecular methods has revealed that not all isolates 
that were previously reported as P. cinnamomi were actually P. cinnamomi. Sequences of some 
of these isolates were most closely similar to those of other Phytophthora species such as P. 
cryptogea, P. gonapodyides, and P. niederhauserii. The use of A2 / I2 primers and restriction 
enzymes Msp1, Rsa1 and Taq1 proved efficient to detect different Phytophthora species, as 
stated by Drenth et al. (2006) even though P. niederhauserii was not included there. The enzyme 
Alu1 (Martin and Tooley, 2004) was also used initially but not in the later studies in order to 
focus on using one particular method for detection.  
 
Isolates prior to 2004 were mostly P. cinnamomi, suggesting that different Phytophthora species 
started to appear in Victoria after 2004. However it is a possibility that these species were present 
before but only in the recent years, researchers have started looking into their presence with 
modified methods and molecular tools. A larger scale re-examination of historic isolates of P. 
cinnamomi from around Australia including Victoria would be necessary in order to pinpoint the 
time at which other Phytophthora species started to be isolated in Australia. P. cinnamomi is 
believed to be an introduced pathogen and this could well be the same for many of these new 
species found since 2004 (Brasier et al., 1999). They could even be appearing because of change 
in the climatic conditions (Cooke et al., 1999; Brasier et al., 1999; Rizzo et al., 2005). It has been 
predicted that warming of the climate would led to increase in the spread of P. cinnamomi. Cahill 
et al. (2008) predicted that increase in temperature by 1ºC to 5ºC would spread P. cinnamomi to 
other uninfected areas, as the pathogen would adapt faster to the changing environment than the 
plants (Harvell et al., 2002; Logan et al., 2003; Bergot et al., 2004). 
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The detection of other Phytophthora species is because of advances in the molecular methods for 
Phytophthora identification. Utilizing efficient molecular detection methods such as that of 
Drenth et al. (2006) and many recently developed high precision methods like microarrays 
(Cooke et al., 2007) and PCR-based molecular detection based on a region of the ras-related 
protein gene ypt1 (Schena et al. 2008) will help to find other Phytophthora species in historic 
cultures labelled as P. cinnamomi. One of the common problems in doing this is the low survival 
of such cultures in storage; over half of the 2004 cultures from Port Campbell Rifle Range could 
not be revived in 2007 and this would restrict such a study unless isolates were frozen at the time 
of identification or DNA was extracted (as was done by Noushka Reiter). Another problem is 
contamination during storage. A. strictum was almost certainly introduced by mite contamination 
during storage (Ko et al., 2001), whereas F. oxysporum and T. viride are common soil fungi 
(Martin et al., 1956; Durrell and Shields, 1960), probably isolated at the same time as P. 
cinnamomi and which survived storage better.  
 
More undesirable cases ecologically are those where at least one other oomycete were identified. 
These were isolates 10 and 16 from Anglesea, isolate 762 from Ocean Grove Nature Reserve and 
isolate RL2, all of which had a 99% match to P. cryptogea. Also RL9 from the Grampians had a 
99% match to Pythium undulatum.  Isolates RL2 and RL9 were fresh isolates collected from 
Grampians Ranges National Park during the course of this research and hence not considered 
historic, but the fact that they are not P. cinnamomi shows that other Phytophthora and Pythium 
species are also present and have the potential to damage the floral biodiversity. Smith et al. 
(2007) also detected the presence of P. gonapodyides, P. citricola and an undescribed 
Phytophthora species with P. cinnamomi at eight sites in Victoria. The consequences of having 
more than one oomycete present are likely to increase infection, as discussed later. 
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Isolates from Port Campbell Rifle Range had the greatest number of isolates that were not P. 
cinnamomi. Four isolates had ITS sequences that were close matches to P. cryptogea, three to P. 
gonapodyides and four to Pythium species. One possible explanation for this is the more intensive 
sampling conducted at this site, but re-sampling in 2007 (Chapter 2) did not detect any 
Phytophthora species at the same site using the same methods. The reason for this could be a 
decrease of pathogen inoculum due to unavailability of susceptible hosts. It might even be a 
similar decline in pathogen population to undetectable levels as discussed previously in Chapter 
2. Only periodic sampling at the same site using the same methods will explain if unavailability 
of host was a major factor in not detecting P. cinnamomi at this site. Identification of other 
Phytophthora and Pythium species was again vitally dependent on the use of specific molecular 
detection methods. 
 
In the past decade many new Phytophthora species have been found along with previous species 
at the same site (Vettraino et al., 2002, 2005; Cooke et al., 2007). The presence of more than one 
Phytophthora species in one location, such as at Port Campbell Rifle Range, Reed Lookout in 
Grampians National Park and at Ocean Grove Nature Reserve raises the question of what effect 
the presence of more than one Phytophthora species on the same host would have in terms of 
pathogenicity and virulence. Would having more than one species influence or restrict the growth 
or spread of the others? Having more than one pathogen on the roots may have a significant or 
antagonistic effect on symptoms in the plant host. Jung et al. (2005) suggested that Phytophthora 
species were significantly more virulent when more than one species was found in the same host. 
This point is expanded further later in this thesis. 
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These results also highlight that the presence of more than one species may lead to 
misidentification. Stukely (2009) suggested that there is a 10 to 15% chance of identifying a new 
Phytophthora species among all the positive isolations of samples and that there can be more than 
one Phytophthora species present in a single sample. Once isolated from the diseased host, the 
difference in growth rate in culture can lead to flaws in identification; for example Maseko et al. 
(2007) found that two new species, Phytophthora frigida and Phytophthora alticola affecting E. 
dunnii in South Africa, were less virulent than P. cinnamomi and also had a slower growth rate 
than P. cinnamomi in culture. 
 
This study was a first step towards providing evidence that misidentification may have occurred 
in the past and species of Phytophthora other than P. cinnamomi may have been present in 
Victoria and remained undetected. A long-term larger scale study involving re-examination of 
Phytophthora species collected in last 30 years in Western Australia discovered many undetected 
and introduced Phytophthora species (Burgess et al., 2009). Effective implementation of such a 
program in Victoria would be of great help in overcoming the extent of unknown Phytophthora 
species, their period of occurrence, and spread and effect on Victorian floral biodiversity if 
adequate cultures were available, but that was not the case in this study, where these isolates were 
all that was available from the leading researchers. This only emphasises the need to store frozen 
mycelium (free of agar) or extracted DNA for further use with molecular methods now that it has 
become apparent that Victoria, like other parts of the world is recording significant diversity in 
the isolates, using P. cinnamomi sampling methods.  
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Chapter 4 
 
Detection and Pathogenicity of Phytophthora species 
 
 
4.1 Introduction 
 
P. cinnamomi survives in the soil in the form of chlamydospores, mycelium, zoospores, and 
oospores; they can be found from soil, living plant materials and even dead organic matter 
(Weste and Vithanage, 1979). Detection of P. cinnamomi can be carried out by different 
methods. In aerial detection; aerial photography is used to detect signs of disease in 
susceptible vegetation (Bluett et al., 2008). In stream baiting, a variety of different baits, such 
as leaves of Pittosporum undulatum, Eucalyptus regnans, Rhododendron sp., lupin seedlings 
and even E. sieberi cotyledons are put in a cloth or wire mash bag and floated in stream water 
(Hong and Moorman 2005; Smith et al., 2007; Malkovic, 2009). In soil sampling, parts of 
diseased plants and surrounding soil are collected and baited with appropriate baits under 
favourable lab conditions (Davison and Tay, 2005; Scott et al., 2009). Though aerial detection 
and stream survey methods cover a large areas in short time, soil sampling has an advantage 
over these methods as it is location-specific and can be used in fire-affected places where 
disease symptoms are rarely visible (Davison and Tay, 2005).    
 
What material needs to be collected while sampling is still debatable? Collection of plant 
roots and collar regions were considered ideal in the past (Shea, 1979). Shearer and Dillon 
(1996) suggested the use of bulk samples containing large plant parts, fine roots, root collars 
and adjacent soil for detection of P. cinnamomi. In more recent years Davison and Tay (2005) 
recommended that only soil collected from around the dead plant and no plant material should 
be used as a sample for isolation, yet Gretna Weste (Noushka Reiter, pers. comm.) insisted 
that roots must be collected as well as soil from the rooting zone. Further work is needed to 
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distinguish what is the best sampling material to detect P. cinnamomi and if there are 
significant advantages of any one material, by comparison with isolating from a bulk sample.  
 
Seasonal variation affects the ability to detect P. cinnamomi from soil (Kinal et al., 1993; 
Shearer et al., 2009). Soil sampling for P. cinnamomi detection in Australia is mostly carried 
out in spring or autumn but not in winter, as the chances of disease appearance and pathogen 
detection are increased due to favourable conditions of temperature and rainfall; in winter, it 
is too cold for P. cinnamomi and in summer it is too dry (Marks et al., 1975; Shearer and 
Tippett, 1989; Weste, 2003; Shearer et al., 2009).  So far no research has been carried out to 
find if incubation and pre-moistening is also useful for P. cinnamomi detection. Timmer et al. 
(1988) and Lutz et al. (1991) found that incubation of samples collected in winter at 28°C for 
2-3 days’ increased the number of P. parasitica propagules in soil and the chance of isolation. 
Moistening and incubation of collected samples before baiting has also been successfully used 
for isolation of P. multivora in Western Australia (Scott et al., 2009). It is possible that, 
similarly, incubation of collected samples would increase detection of P. cinnamomi.  
 
After the collection of diseased samples, the next task is isolation of the pathogen, and baiting 
with susceptible material is normally used. P. cinnamomi attacks a wide range of host plants 
(Zentmyer, 1983; Erwin and Ribeiro, 1996; Barrett et al., 2008). Different parts of susceptible 
plants, e.g. seedlings, cotyledons and leaves, have been used to test the presence, 
pathogenicity and virulence of the pathogen. The use of cotyledons of E. sieberi (Marks and 
Smith, 1985; McDougall, 2002), leaves of X. australis (Greenhalgh, 1978; McDougall, 2002), 
stems of Grevillea chrysophaea and roots of Lupinus angustifolius to test the pathogenicity of 
P. cinnamomi is well documented (Walchhuetter, 2002). Whole plants have also been used, 
e.g. Quercus suber (Luque et al., 2000) and E. marginata (Shearer et al., 1988; O’Gara et al. 
1997). Peters and Weste (1997) tested the susceptibility of rare and native plant species to P. 
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cinnamomi by stem inoculation, but Reiter et al. (2004) used leaves of P. ferruginea. Lupins 
are susceptible to P. cinnamomi. They have been widely used as baits for isolation of 
Phytophthora species (Pratt and Heather, 1972; Brittlebank and Fish, 1972; Trapero-Casas et 
al., 2000; Chee and Newhook 1965; Blowes and Pitkethley 1981; Pryce et al., 2002). The best 
method to use is still controversial and further work is needed.  
 
After baiting, the baits need to be plated on a selective medium that suppresses the growth of 
common soil fungi and the growth from it needs to be sub-cultured onto a medium that 
produces the diagnostic coralloid mycelium and clusters of thin-walled chlamydospores. 
Factors such as presence of fast growing contaminants in the sample, the material from which 
isolation is carried out and the Phytophthora species involved makes the process of isolation a 
difficult task (Hamm and Hansen 1990); for example, some isolates of Pythium species have a 
faster growth rate then Phytophthora isolates (Hansen, et al., 1979). This makes the study of 
growth characteristics and other features like sporulation very important for microscopic 
identification of Phytophthora species (Juhasova et al., 1987; Juhasova, 1992, 1999). 
Bernadovicova (2003) stated the importance of studying the mycelial growth and sporulation 
in specific conditions for identification and specification of biology of soil borne 
Phytophthora species. 
 
Different growth media have been used by different researchers for isolation and to study 
growth characteristics of Phytophthora species. Hewett (2001) and Reiter et al. (2004) used 
modified PARBH agar as a selective medium to study rare and endangered plant species 
susceptible to P. cinnamomi. Growth media like Corn Meal Agar (CMA) and Vegetable Juice 
Agar (V8 Agar) have been used for maintaining Phytophthora species culture and studying 
their growth rate, morphology and sporulation (Donahoo et al., 2006; Maseko et al., 2007). 
Bezuidenhout et al. (2010) used Carrot agar (Brasier, 1969) to examine the morphology of 
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seven different taxa of Phytophthora associated with pathogenicity of Agathosma species, 
including the A1 mating type of P. cinnamomi var. cinnamomi, P. cinnamomi var. parvispora 
and P. cryptogea. Without the diagnostic appearance of coralloid mycelium and clusters of 
chlamydospores, P. cinnamomi cannot be diagnosed morphologically.  It is necessary to 
identify the best possible medium for mycelial growth as well as sporulation of P. cinnamomi.  
 
The morphological and genetic variation among isolates of P. cinnamomi obtained from one 
particular location is a well studied fact (Shepherd and Pratt 1974; Shepherd and Forrester 
1977; Daniel et al., 2003). Virulence of P. cinnamomi can differ with environment and 
location but can vary with environmental conditions.  Huberli (2001) found that even resistant 
lines of E. marginata trees became infected and died when subjected to inoculation with 
different P. cinnamomi isolates in a changing environment. Measurement of lesion length on 
stems (Huberli, 2001) and roots (Shearer et al., 1987) of intact E. marginata plants has been 
used to assess the pathogenicity and virulence of P. cinnamomi isolates in Western Australia. 
Robin and Desprez-Loustau (1998) found variable levels of virulence within 35 isolates of P. 
cinnamomi infecting different host plants such as oak, eucalyptus and pine. Pathogenicity of 
Phytophthora has been tested using various methods of soil inoculation (Podger, 1989; Barker 
and Wardlaw 1995; Frampton and Benson 2004; Shearer et al., 2007) and also by stem and 
root wound inoculation (Tippett et al., 1983; Shearer et al., 1988; Denman and Sadie, 2001; 
Huberli et al., 2002). Such a study has not been conducted for Victorian Phytophthora 
isolates. It would be interesting to compare the pathogenicity and virulence of previously and 
freshly collected Phytophthora isolates from different locations.  
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There is no one acknowledged best method for collection and testing of P. cinnamomi isolates 
for virulence. It is difficult to distinguish virulence between isolates of such a destructive 
pathogen. Susceptibility and virulence of different plant species have been tested by various 
methods. Weste and Taylor (1971) added a suspension of a P. cinnamomi culture to pots of E. 
baxteri seedlings to test their susceptibility. Peters and Weste (1997) tested the susceptibility 
of rare and native plant species to P. cinnamomi by stem inoculation. Maurel et al. (2001) 
used millet seeds colonized with P. cinnamomi mycelium as an inoculum in the soil to test its 
pathogenicity on oak and chestnut plants. Walchhuetter (2002) tested the virulence of P. 
cinnamomi isolates on roots of Lupinus angustifolius. Shearer et al. (2004) successfully 
demonstrated a method for testing pathogenicity by adding P. cinnamomi inoculum plugs into 
the soil without disturbing the roots.  These different methods should be tested to see which 
gives the most reliable results for pathogenicity and to see if a method can be found to rank 
isolates on virulence. This is particularly important in testing the effect of more than one 
species of Phytophthora inoculated simultaneously as found in the field. 
  
Though P. cinnamomi has the potential to cause large scale destruction and was the sole cause 
of Jarrah dieback (Newhook and Podger, 1972), researchers have reported that several 
Phytophthora species can occur at the same site and even in the same host (Vettraino et al., 
2005; Cooke et al., 2007). Jung et al. (2005) reported that species such as Phytophthora 
citricola, P. cambivora and P. cactorum were together responsible for decline of European 
beech (Fagus sylvatica) trees in Europe. P. psychrophila, P. europaea and P. uliginosa were 
detected along with other Phytophthora species from rhizosphere soil samples of oak in 
Europe (Jung et al., 2002). Jung et al. (2005) suggested that Phytophthora species can be 
significantly pathogenic when found in clusters. More than one Phytophthora species, 
including some new and undefined ones have been reported to occur at individual sites in 
Western Australia (Burgess et al. 2009) (chapter 3.3.1). No such work has been carried out in 
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Victoria; further research in this field is needed to know if more than one Phytophthora 
species is present and what the consequences would be if they occurred in the same host. 
 
 
The aim of this chapter was to optimize methods for detecting P. cinnamomi on site and 
testing isolates for pathogenicity and virulence, by:  
 
 Comparing plant material used as baits 
 Assessing the source of inoculum in a collected sample 
 Studying the effect of pre-moistening and incubation before baiting on pathogen 
isolation 
 Studying growth rate, morphology and sporulation on different growth media 
 Studying the virulence of isolates by measuring the lesion length and root restriction 
on lupin seedlings 
 Evaluating the effect of the presence of more than one Phytophthora species in the 
same plant 
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4.2 Materials and Methods 
 
4.2.1 Isolation and detection of Phytophthora cinnamomi by baiting 
The standard method of P. cinnamomi detection involves sample collection, baiting, isolation 
onto selective medium and morphological identification on a different medium (fig. 4.1). Soil 
samples were baited with disease-free susceptible host plant parts (Pimelea ferruginea leaves 
or Eucalyptus sieberi cotyledons). Baits were washed in tap water and surface-sterilized by 
washing them for 30 s to 1 min in 70% ethanol; they were then rinsed three times with sterile 
distilled water before transferring them into 275 ml polystyrene cups (98 mm height, 70 mm 
top diameter and 48 mm bottom diameter) filled with soil sample and water. About 50 g of 
thoroughly mixed soil sample from the Geebung Track in the Brisbane Ranges National Park 
was added to each plastic cup and the cup was filled with sterile distilled water upto 2-3 cm 
above the soil surface in the cup; 5 to 10 P. ferruginea leaves or E. sieberi cotyledons were 
put in each cup with three replications for each sample. The cups were incubated at 28°C in 
the dark.  Following 2 days’ incubation  at 28
°
C, five baits were randomly selected from each 
cup, surface-sterilized with 70% ethanol for 30 s to 1 min, blotted dry on autoclaved filter 
paper and plated onto modified PARBH agar (50 mg hymexazol in 1 ml SDW, 250 mg 
ampicillin in 5 ml sterile distilled water, 30 mg Rose Bengal in 1 ml sterile distilled water, 10 
mg rifampicin in 1 ml DMSO (dimethylsulphoxamine), 10 mg mycostatin (nystatin) in 1 ml 
DMSO, 15 g malt extract and 20 g Davis agar powder, in 1000 ml of Milli-Q water). Growth 
on all baits was examined and the number of baits with P. cinnamomi-like growth was noted 
24-36 hours later.  
 
Figure 4.1 Stages of Phytophthora cinnamomi detection.  
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4.2.2 Comparison between Pimelea ferruginea and Eucalyptus sieberi as baits for 
isolation of Phytophthora cinnamomi 
 
(Soil + root) samples were collected from Reed Lookout (10 samples) and Mt William (6 
samples) in the Grampians National Park. About 50 g of (soil + root) sample was put into 
each plastic cup in replication of three and filled with sterile distilled water upto 2-3 cm above 
the soil surface. Five E. sieberi cotyledons (kindly supplied by Ian Smith, Melbourne 
University) and five P. ferruginea leaves picked from an on-campus bush (also available at 
Kuranga Native Nursery 118 York Road, Mt. Evelyn, Victoria) were put into the cups as 
baits. Following 2 days’ incubation at 28
°
C, all baits were removed, surface sterilized with 
70% ethanol for 30 s to 1 min, rinsed three times with sterile distilled water, blotted dry on 
autoclaved filter paper, plated onto modified PARBH agar and incubated for two days’ at 
25
°
C before subculturing onto V8 agar for identification.  
 
4.2.3 Effect of incubation before baiting and sample fractionation on detection of 
Phytophthora cinnamomi 
 
 
4.2.3.1 Experiment 1- Effect of pre-moistening and incubation on Phytophthora 
cinnamomi detection  
 
Ten soil samples were collected from an infested site on the Geebung Track in the Brisbane 
Ranges National Park, homogeneously mixed and divided into two halves. One half was 
immediately baited with P. ferruginea leaves without subjecting them to incubation. An 
amount (just enough to make the soil moist but not completely saturated) of sterile distilled 
water was added to the other half of the sample in each sample bag. Sample bags were 
incubated at 28°C for 3 days’ before using the soil for baiting. Baiting, isolation and detection 
of P. cinnamomi were carried out as described earlier in paragraph 4.2.1.  
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4.2.3.2 Experiment 2- Sample fractionation and determining the best possible source of 
inoculum 
 
Ten soil samples collected from the Geebung Track in the Brisbane Ranges were separated 
into three parts: (1) soil sample as collected with soil, roots and litter (fig. 4.2 A), (2) only 
roots and litter, separated by sieving the samples and then washing in running tap water (fig. 
4.2 B) and (3) only soil devoid of any root and litter (fig. 4.2 C). The run-off contaminated 
water was collected in a washing tub and autoclaved before being discarded. An amount (just 
enough to make the sample moist but not completely saturated) of sterile distilled water was 
added to each sample bag. Sample bags were incubated at 28°C for 3 days before using the 
soil for baiting. The partitioned samples were baited with P. ferruginea leaves in plastic cups 
as described above in section 4.2.1. Isolation and detection of P. cinnamomi were carried out 
as described above in section 4.2.1.  
    
Figure 4.2 Baiting of fractioned soil sample after incubation.  
A= soil + roots, B= only roots, C= only soil  
 
 
 
4.2.4 Effect of growth medium on chlamydospore production and mycelial growth of 
Phytophthora cinnamomi  
 
Five isolates of P. cinnamomi from different locations (Yarram Park-15, Geebung Track-21, 
Flat Rock Crossing-2, Syphon Road-10 and Millstream Creek-15) were used for this study 
(fig. 4.6). The isolates were initially grown on V8-juice agar.  One 5 mm X 5 mm mycelial 
block of a 5-day-old culture of each isolate was sub-cultured onto four freshly prepared plates 
of four different growth media, V8-juice agar (200 ml V8 juice, 2 g CaCO3, 20 g agar, 800 ml 
A B  C 
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Milli-Q water ), cornmeal agar (17 g CMA powder (Oxoid), 1 g yeast extract (Oxoid), 1 g 
malt extract (Oxoid), 1000 ml Milli-Q water), carrot agar (200 g peeled and diced carrot, 15 g 
agar, 1000 ml Milli-Q water), and potato dextrose agar (300 g diced potato, 20 g glucose 
(dextrose), 15 g agar, 1000 ml Milli-Q water). All media were autoclaved at 121°C for 20 min 
and poured into 90 mm diameter plastic Petri plates. Petri plates were incubated at 24°C under 
Fluora tubes (NEC) and mycelium growth (fig. 4.6) and sporulation were recorded every 24 
hours for 5 days. The number of chlamydospores observed in a microscopic field at X100 
magnification was recorded four times for each Petri plant as a measure of the amount of 
sporulation in each medium.  
 
4.2.5 Pathogenicity tests 
Pathogenicity tests were conducted for 14 of Ian smith’s historic isolates (chapter 3, table 3.1) 
and 11 freshly obtained isolates from the Geebung Track in the Brisbane Ranges National 
Park (chapter 2 table 2.13). Germinated lupins (L. angustifolius) were used as the susceptible 
test host for this study. The collected Phytophthora isolates were maintained on V8-juice 
agar.  
 
 
4.2.5.1 Effect of infection on lupin emergence in pots with Phytophthora cinnamomi 
infested soil 
  
The experiment was setup in a glasshouse, using three replications of 10 cm diameter plastic 
pots for each soil sample. Disposable plastic trays were placed under the pot to collect 
drainage water, which was autoclaved before discarding. The pots were filled with 21 soil 
samples collected from an infested site on the Geebung Track in the Brisbane Ranges 
National Park (chapter 2, fig. 2.12-A, table 2.5 ). Parallel soil samples used in the above 
experiments were also tested for the presence of P. cinnamomi by baiting them with P. 
ferruginea leaves and the results compared with those from the pot experiment. Control pots 
were filled with autoclaved soil sample from the corresponding un-infested site.  Healthy 
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lupin seeds were washed with tap water and surface sterilized by stirring them in a beaker 
filled with 70% ethanol for 1 min. Seeds were placed between 8 layers of autoclaved paper 
towels on a plastic tray and watered with sterile distilled water to maintain moisture. The trays 
were placed at 21°C under Fluora tubes light to allow germination. Two-day old germinated 
lupins with radicle lengths of 0.5 – 1 cm were selected. Ten healthy germinated lupins were 
planted into each pot and watered regularly. The number of lupins growing above the soil was 
recorded from day 2 to day 10 day, when all the plants in the control pots had grown. 
Emerged lupins were allowed to grow for another 7 days before all were uprooted. Roots 
were washed with tap water and surface-sterilized with 70% ethanol followed by three rinses 
with sterile distilled water before cutting them into small pieces of 5-10 mm and plating them 
onto modified PARBH agar to observe any infection by P. cinnamomi. The study was 
designed to replicate the natural process of infection of P. cinnamomi on susceptible host 
plants under glasshouse conditions in pots. Hence soil was not artificially inoculated but pots 
were filled with soil brought from an infested site in Brisbane Ranges National Park and 
germinated lupins were planted in them. 
 
In a separate experiment, two 5 mm X 5 mm mycelial blocks of each P. cinnamomi isolate, 
isolated from these soil samples using the baiting process as stated above were inoculated in 
Petri plates containing autoclaved vermiculite soaked with V8 liquid medium. All plates were 
incubated at 27°C under Fluora tubes for 5 days, by which time complete colonization of 
vermiculite had occurred. The soil in the pots was then artificially inoculated with this 5-day-
old P. cinnamomi-vermiculite mixture by distributing the vermiculite inoculum evenly 
throughout the soil. Ten, 2-day-old germinated lupin seedlings were planted in these pots and 
the number of lupins growing above the soil was recorded from day 2 to day 10 day, when all 
the plants in the control pots had grown. 
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4.2.5.2 Testing the pathogenicity and virulence of Phytophthora isolates on germinated 
lupins in a Petri plate  
 
Fourteen historic isolates supplied by Ian Smith (University of Melbourne) (chapter 3 table 
3.1) as well as eleven freshly isolated P. cinnamomi  cultures from the Geebung Track, 
Brisbane Ranges National Park, soil samples used earlier in the pot experiment (section 
4.2.5.1) were used. All isolates were maintained on V8 medium.  Two layers of autoclaved 
Whatman filter paper No. 42 was placed into autoclaved glass Petri plates with three 
replicates per isolate. Lupin seedlings were germinated as described earlier in section 4.2.5.1. 
Healthy 2 day old germinated lupins were placed onto a clean sterile glass slide and placed 
into individual glass Petri plates (fig. 4.3). A 5 mm disc was cut from a 5-day-old culture 
using a cork borer and placed on to the radicle of each germinated lupin (fig. 4.3A). The 
control was left uninoculated (fig. 4.3B). All Petri plates were incubated at 27°C under Fluora 
tubes. The plates were regularly watered with sterile distilled water to maintain the moisture. 
Lesion length (mm) and root length (cm) were recorded on a daily basis for six days.  
    
 Figure 4.3 Pathogenicity test of lupin in Petri dish. Arrow shows inoculum. 
 
 
 
 
 
 
 
 
 
 
 
 
A B 
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4.2.6 Effect of single and multiple Phytophthora species infection on lesion and root 
length on lupin seedling 
 
Three Phytophthora species (Isolate 2 and 200.06 P. cinnamomi, Isolate 762 and 10 P. 
cryptogea, and Isolate 16 P. niederhauserii) identified in chapter 3 (table 3.7) were used as 
the test pathogens in the following experiments. 
 
4.2.6.1 Effect of more than one Phytophthora species on lupin seedlings 
                               
Lupins were germinated as in section 4.2.5.1. The radicle of each test lupin was inoculated 
with two V8 agar blocks of either the same Phytophthora species or with one mycelial block 
of each of two Phytophthora species. Inoculated seedlings were incubated and data recorded 
as before (section 4.2.5.2) (Figure 4.17). Controls were not inoculated. The study was 
conducted to find the effect of the presence of more than one Phytophthora species on the 
same host. All isolates were sequenced and identities confirmed before being used in the 
experiment. The experiment was replicated thrice. 
 
4.2.6.2 Competition between Phytophthora species on carrot agar  
 
Competition between Phytophthora species molecularly identified in chapter 3 (table 3.7) (P. 
cryptogea isolates 10 and 762; P. cinnamomi isolates 200.06 and 2; and P. niederhauserii 
isolate 16) was studied under in-vitro conditions by growing the same or two different 
Phytophthora species in the same Petri plate. Test Phytophthora species were grown on carrot 
agar. Two 5 X 5 mm blocks were cut from 7-day-old cultures of each Phytophthora species 
and placed onto opposite sides of a 90 mm diameter plastic Petri plate containing freshly 
prepared carrot agar. The experiment was replicated thrice. Each plate contained two blocks 
of either the same or different species of Phytophthora in opposite halves of the plate. The 
plates were incubated at 24°C under Fluora tubes and mycelial growth and sporulation was 
recorded upto day 5. The aim was to observe the interaction in growth against one another. 
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4.3 Results  
4.3.1 Comparison between Pimelea ferruginea leaves and Eucalyptus sieberi cotyledons 
as baits for isolation of Phytophthora cinnamomi 
 
The growth of P. cinnamomi was observed on both of the baits and all those scored as 
infected with one bait were also infected with the other (table 4.1). There was no difference 
between baits in efficiency of P. cinnamomi detection. For example the total number of 
infected baits in samples from Reed Lookout and Mt William were the same for both P. 
ferruginea and E. sieberi (table 4.1). 
 
 
Table 4.1 Evaluation of the use of Pimelea ferruginea leaves and Eucalyptus sieberi 
cotyledons as baits for isolation of Phytophthora fungus 
 
No. and location of sample If positive with Pimelea 
ferruginea leaves 
If positive with Eucalyptus 
sieberi cotyledons 
Reed Lookout 1 Yes Yes 
Reed Lookout 2 Yes Yes 
Reed Lookout 3 Yes Yes 
Reed Lookout 4 Yes Yes 
Reed Lookout 5 Yes Yes 
Reed Lookout 6 No No 
Reed Lookout 7 No No 
Reed Lookout 8 No No 
Reed Lookout 9 No No 
Reed Lookout 10 No No 
Mt William 1 No No 
Mt William 2 Yes Yes 
Mt William 3 No No 
Mt William 4 No No 
Mt William 5 No No 
Mt William 6 No No 
Totals   
Reed Lookout 5/10 5/10 
Mt William 1/6 1/6 
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4.3.2 Effect of incubation before baiting and sample fractionation on detection of 
Phytophthora cinnamomi 
 
4.3.2.1 Experiment 1-Effect of incubation on Phytophthora cinnamomi detection 
There was a significant difference between using incubated soil samples and unincubated soil 
samples for baiting (fig. 4.4). Incubation significantly increased the efficiency of P. 
cinnamomi isolation (ANOVA table 4.2, F= 19.05, P=<0.0001). Figure 4.4 shows that P. 
cinnamomi was isolated from a total of seven samples but only four samples tested positive 
for infection using the non-incubated method; the pathogen in samples 4, 5 and 8 was not 
detected in the unincubated method but was detected after incubation. The number of baits 
with P. cinnamomi growth on the modified PARBH agar was also more in all incubated soil 
samples than in unincubated samples, except for sample 3. There was significant variation 
among the soil samples (ANOVA table 4.2, F= 12.89, P=<0.0001); samples 4, 7 and 8 had 
fewer infected baits with P. cinnamomi growth than samples 3, 9 and 10. The interaction 
between soil samples and the methods used was also significant (ANOVA table 4.2, F= 3.280, 
P=<0.0044). The results indicate that incubation of soil samples before baiting increased 
detection of infection from the soil sample and the effect was greatest when infection was 
least. 
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Figure 4.4:  Effect of incubation on Phytophthora cinnamomi detection. Bar = SE 
 
 
 
Table 4.2 Analysis of effect of incubation on Phytophthora cinnamomi detection 
 
ANOVA      
Source of Variation df Sum-of-squares Mean square F value P value 
Interaction 9 10.33 1.148 3.280 0.0044 
Incubation methods 1 6.667 6.667 19.05 < 0.0001 
Soil samples 9 40.60 4.511 12.89 < 0.0001 
Residual 40 14.00 0.3500   
Total  59 71.597    
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4.3.2.2 Experiment 2- Sample fractionation and determining the best possible source of 
inoculum 
 
There was a significant difference in detection of P. cinnamomi among soil samples (fig. 4.5) 
(ANOVA, table 4.3, F=15.53, P=<0.0001) in that, for example, there was a significant 
difference between sources of isolation for soil samples 4 and 10, but not among the sources 
(soil + roots, roots + litter and soil alone) (ANOVA table 4.3, F=2.191, P=0.1206). There was 
a significant interaction between soil sample and source of isolation (ANOVA table 4.3, F= 
2.806, P= 0.0014), in that for sample 3, more infection was found from roots and litter than 
soil alone and the bulk sample but for soil sample 5 there was more in the bulk soil sample.  
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Figure 4.5 Effect of sample fractionation on detection of Phytophthora cinnamomi.  
Bar = SE 
 
 
Table 4.3 Analysis of effect of sample fractionation on detection of Phytophthora 
cinnamomi. 
 
 ANOVA          
Source of Variation df Sum-of-squares Mean square F value P value 
Interaction 18 26.38 1.465 2.806 0.0014 
Source of isolation 2 2.289 1.144 2.191 0.1206 
Soil sample 9 72.99 8.110 15.53 < 0.0001 
Residual 60 31.33 0.5222   
Total 89 132.989    
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4.3.3 Effect of growth medium on chlamydospore production and mycelial growth of 
Phytophthora cinnamomi 
 
The appearance of isolates varied with medium (fig. 4.6). The growth was much flatter on V8 
and carrot agar than on PDA and CMA, which showed wavy concentric circles of fluffy 
mycelium.   
 
4.3.3.1 Growth of Phytophthora cinnamomi on different growth media 
 
By day 5 the mycelial growth in all media had fully covered the Petri plate and hence the 
readings at day 4 were considered for the analysis of growth. There was significant difference 
in growth among the different media tested (ANOVA table 4.4, F= 174.9, P=<0.0001) and 
also among the different isolates of P. cinnamomi (ANOVA table 4.4, F= 153.8, P=<0.0001). 
The interaction between the isolates and different media was also highly significant (ANOVA 
table 4.4, F= 63.28, P=<0.0001). For two isolates (Flat Rock Crossing 2 and Syphon Road 
10), the growth on V8 and CA was greater than on PDA and CMA, whereas for the other 
three isolates growth was greater on PDA and growth on all other media was similar (fig. 
4.7). The Flat Rock Crossing isolate 2 was unique in growing almost half as well in CMA 
(fig. 4.7). 
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Isolate 15- Yarram Park (Grampians National Park) 
 
  
Isolate 21- Geebung Track (Brisbane Ranges National Park) 
 
 
Isolate 2- Flat Rock Crossing (Grampians National Park) 
 
 
 
Isolate 10- Syphon Road (Grampians National Park) 
 
Figure 4.6 Growth of Phytophthora cinnamomi on different growth media at 24°C at day 
5. (Continued on next page) 
A
B  
C  
D 
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Isolate 15- Millstream Creek (Grampians National Park) 
Figure 4.6 (Continued) Growth of Phytophthora cinnamomi on different growth media 
24°C at day 5. 
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Figure 4.7 Growth of Phytophthora cinnamomi on different media at 24°C at day 4.  
Bar = SE. 
 
Table 4.4 Analysis of Phytophthora cinnamomi growth on different media at day 4. 
 
 ANOVA          
Source of Variation df Sum-of-squares Mean square F value P value 
Interaction 12 2112 176.0 63.28 < 0.0001 
Media 3 1459 486.4 174.9 < 0.0001 
Isolate 4 1711 427.8 153.8 < 0.0001 
Residual 60 166.9 2.781   
Total 79 5448.9    
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4.3.3.2 Chlamydospore production of Phytophthora cinnamomi on different growth 
media 
The production of diagnostic chlamydospores of P. cinnamomi (fig. 4.8) was also considered 
important for the selection of a growth medium for identification. Figure 4.9 shows that there 
was a significant difference in chlamydospore production among different isolates (ANOVA 
table 4.5, F= 5.306, P=<0.0010) and also among the different media tested (ANOVA table 
4.5, F= 79.97, P=<0.0001), in that, for example, there was no chlamydospores on CMA in any 
of the isolates, and overall there was greater chlamydospore production on V8. Whereas 
isolate 2 from Flat Rock Crossing and isolate 21 from the Geebung Track had less sporulation 
on CA, the other test isolates had as much (Millstream Creek 15) or half as much (Yarram 
Park 15, and Syphon Road 10) as on V8. This was the main reason for interaction between 
isolate and growth medium being significant (ANOVA Table 4.5, F= 2.855, P=0.0036). It 
was concluded V8 was the medium with the greatest chlamydospore production for 
identifying P. cinnamomi morphologically. 
A B 
C D
 
Figure 4.8 Chlamydospore production of Phytophthora cinnamomi (isolate 21) on 
different agar media X 400. A= V8 juice agar, B= potato dextrose agar, C= corn meal 
agar and D= carrot agar Bar = 50 µm. 
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Figure 4.9 Chlamydospore production of Phytophthora cinnamomi on different growth 
media. Bar = SE. 
 
 
Table 4.5 Analysis of sporulation (No. of chlamydospores per × 100 field of view) of 
Phytophthora cinnamomi isolates on different growth media. 
 
 ANOVA          
Source of Variation df Sum-of-squares Mean square F value P value 
Interaction 12 2260 188.4 2.855 0.0036 
Medium  3 15824 5275 79.97 < 0.0001 
Isolates  4 1400 350.0 5.306 0.0010 
Residual 60 3958 65.96   
Total 79 23442    
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4.3.4 Pathogenicity tests 
4.3.4.1 Effect of infection on lupin (Lupinus angustifolius) emergence in pot with 
Phytophthora cinnamomi infested soil  
 
There was a significant difference in lupin emergence among different soil samples tested 
(ANOVA table 4.6 F=2.370 and P=0.0092). For example, the numbers of lupins germinating 
in soil samples 5 and 6 were significantly lower than 8 and 21. The numbers of lupins 
emerging in all pots with infested soils were significantly less than in control pots except for 
samples 8, 20 and 21 which were not significantly different to the control (fig. 4.10).  
 
Results of a parallel experiment in which the same soil samples were separately baited with P. 
ferruginea leaves showed that only sample numbers 1, 4, 5, 8, 11, 15, 16, 17, 18, 20 and 21 
were infested with P. cinnamomi and the others were not (fig. 4.10, stared). There was no 
significant difference in lupin germination between inoculated and non-inoculated samples. 
For example, sample 21, from which P. cinnamomi was isolated by baiting, still had a greater 
number of lupins germinating then some non- inoculated soil samples, eg. 6 and 5, and 
sample 5, which was infested, had an equal number of lupins germinating to sample 6, which 
was not infested. Soil samples 2, 3, 6, 12, and 19, from which P. cinnamomi was not isolated 
by baiting, had either the same or greater germination as samples that did (fig. 4.10). 
 
On plating of all the roots from the all pots on modified PARBH agar as described in section 
4.2.5.1 only the roots of samples 20 and 21 were infested with P. cinnamomi, even though 
soil samples 1, 4, 5, 8, 11, 15, 16, 17 and 18 were infested initially by the baiting method. 
This experiment was repeated three times with the same results, i.e. no significant difference 
in lupin germination between infested soil (by baiting) and non-infested soil. P. cinnamomi 
was also not detected from lupins growing in the pots with artificially inoculated soil.  
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Variable : infection
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Phytophthora cinnamomi found by baiting with Pimelea ferruginea leaves
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Co
ntr
ol
0
2
4
6
8
10
12
Soil sample
N
o
. 
o
f 
lu
p
in
s 
e
m
e
rg
e
d
 /
1
0
 
Figure 4.10 Emergence of lupins in pots with infested or non-infested soil. Bar = SE. 
 
Table 4.6 Analysis of emergence of lupins in pots with infested or non-infested soil.   
 
 ANOVA         
Source of Variation df Sum-of-squares Mean square F value P value 
Soil samples (between columns) 20 91.05 4.552 2.370 0.0092 
Residual (within columns) 42 80.67 1.921   
Total 62 171.7    
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4.3.4.2 Testing pathogenicity and virulence of historic isolates on germinated lupins in 
Petri plates 
 
All isolates were pathogenic in that they caused lesions of 6-11 mm long on germinated lupin 
roots, whereas the control did not (fig. 4.11); all the isolates of P. cinnamomi and P. 
cryptogea tested were thus pathogenic to lupins. There was a significant difference in lesion 
length among the isolates tested (ANOVA table 4.7- F=4.688, P=0.0003) as expected if 
isolates varied in virulence. For example isolate 40 (P. cinnamomi) caused longer lesions than 
isolates 88 and 699 (fig. 4.11) and isolate 762 (P. cryptogea) was equally as virulent as 
isolates 40, 47 and 90 (P. cinnamomi).  
 
It is important to mention that Isolate 88 was identified as P. cinnamomi using PCR and 
RFLP (Chapter 3 fig. 3.2) because when sequenced it did not match to P. cinnamomi but 
uncultured fungus FJ 2659281.1 (table 3.7) which could have been because of the 
contamination at the time of sequencing. The culture of this isolate used in this and further 
study was re-examined and confirmed to be of P. cinnamomi only. 
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Figure 4.11 Lesion lengths at day 6 caused by historic isolates and control (agar only) on 
germinated lupins. Bar = SE.  
Isolate 762= P. cryptogea all other isolates were P. cinnamomi. 
 
 
Table 4.7 Analysis of lesion length at day 6 caused by historic isolates on germinated 
lupins. 
 
 ANOVA          
Source of Variation df Sum-of-squares Mean square F value P value 
Isolate (between columns) 13 98.67 7.590 4.688 0.0003 
Residual (within columns) 28 45.33 1.619   
Total 41 144.0    
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The root lengths of inoculated lupins were also significantly different (ANOVA table 4.8- 
F=8.861, P=<0.0001); the control roots were three to five times as long as those inoculated 
with isolates (fig. 4.12). Isolate 40 was significantly different to all other isolates and showed 
the least root restriction. Isolate 14, which had the greatest root restriction, was only 
significantly different to isolates 40 and 84 but not to others.  
 
Isolates from different locations had varying root restriction, in that, for example, isolate 14 
(originally isolated in 1982 from Carl Smith Road, East Gippsland), 598 (originally isolated 
in 2003 from Gelliondale South Gippsland) and 762 (originally isolated in 2005 from Ocean 
Grove Nature Reserve) caused greater root restriction than isolate 40 (fig. 4.12). 
 
 Despite root restriction by inoculation with all isolates, the root length was always greater 
than the lesion length (fig. 4.11 and 4.12). The inoculated Phytophthora isolates were 
successfully recovered from the inoculated lupins when plated onto MODIFIED PARBH agar 
as described in section 4.2.5.1.  
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Figure 4.12 Root length at day 6 of lupins inoculated by historic isolates and control.  
Bar = SE 
Isolate 762= P. cryptogea all other isolates were P. cinnamomi. 
 
Table 4.8 Analysis of root length at day 6 of lupins inoculated by historic isolates.  
 
 ANOVA         
Source of Variation df Sum-of-squares Mean square F value P value 
Isolate (between columns) 13 1168 89.88 8.861 < 0.0001 
Residual (within columns) 28 284.0 10.14   
Total 41 1452    
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The percentage of lesion length / root length varied from 27-55%, as expected if the virulence 
of individual isolates varied (fig. 4.13). There was a significant difference in the proportion 
among isolates (ANOVA, table 4.9, F=5.055, P=<0.0002), for example, isolates 14, 598 and 
762 (P. cryptogea) had equally large proportion of the root occupied by lesions and these 
were greater than for isolates 40 and 84 (fig. 4.13). 
 
There was no particular trend in virulence with respect to the original time of isolation of 
these isolates; for example, isolates 14 (which was originally isolated in 1982) and 762 
(which was originally isolated in 2005) were equally virulent. There was also no trend with 
respect to location; for example, isolates 40 and 41 both were from Cabbage Tree Creek, East 
Gippsland and also isolates 762 (P. cryptogea) and isolates 760 and 761 (both P. cinnamomi) 
were originally isolated in 2005 from X. australis at Ocean Grove Nature Reserve, but did not 
vary in virulence (fig. 4.13).  There was no significant difference in virulence even when 
isolates were from the same location but collected in different year. For example isolates 88 
and 598 both from Gelliondale in south Gippsland, were originally isolated in 1994 and 2003 
respectively but did not vary in virulence. 
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Figure 4.13 Proportion of lesion length/root length at day 6 on lupin seedlings inoculated 
by historic isolates. Bar = SE. 
Isolate 762= P. cryptogea all other isolates were P. cinnamomi. 
 
Table 4.9 Analysis of proportion of lesion length/root length at day 6 on lupin seedlings 
inoculated by historic isolates. 
 
 ANOVA         
Source of Variation df Sum-of-squares Mean square F value P value 
Isolate (between columns) 13 3195 245.8 5.055 0.0002 
Residual (within columns) 28 1361 48.62   
Total 41 4556    
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4.3.4.3 Testing the pathogenicity and virulence of freshly collected Brisbane Ranges 
isolates on germinated lupins in Petri plates 
 
Lesions developed on all roots inoculated with isolates but not on control (fig. 4.14). There 
was no significant difference in lesion length among the freshly collected P. cinnamomi 
isolates (ANOVA table 4.10 F=1.564, P=0.1832) unlike the results with the historic isolates 
(fig. 4.11). The average lesion length for the freshly collected isolates was 22.7 ±SE mm. This 
was greater than the average lesion length caused by the historic isolates, which was 9 ±SE 
mm.  
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Figure 4.14 Lesion length at day 6, caused by inoculation with freshly collected Brisbane 
Ranges Phytophthora cinnamomi isolates and control (agar only) on germinated lupins. 
Bar = SE 
 
Table 4.10 Analysis of lesions length at day 6 caused by inoculation with freshly 
collected Brisbane Ranges Phytophthora cinnamomi isolates on germinated lupins. 
 
 ANOVA         
Source of Variation df Sum-of-squares Mean square F value P value 
Isolate (between columns) 10 177.2 17.72 1.564 0.1832 
Residual (within columns) 22 249.3 11.33   
Total 32 426.5    
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There also was no significant difference in root length restriction among the isolates 
(ANOVA table 4.12 F=2.125, P=0.0677) but all inoculated roots were significantly shorter 
than control (fig. 4.15).  
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Figure 4.15 Root lengths of lupins at day 6 inoculated with Brisbane Ranges 
Phytophthora cinnamomi isolates and control. Bar = SE 
 
 
Table 4.11 Analysis of root length at day 6 of lupins inoculated with Brisbane Ranges 
Phytophthora cinnamomi isolates. 
 
 ANOVA         
Source of Variation df Sum-of-squares Mean square F value P value 
Treatment (between columns) 10 555.0 55.50 2.125 0.0677 
Residual (within columns) 22 574.7 26.12   
Total 32 1130    
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There was no significant difference in the proportion of lesion length / root length among the 
isolates, except for isolate 8 and 16, which were significantly different in virulence from each 
other but not from the others (ANOVA table 4.12, F=2.175, P=0.0619) (fig. 4.16).  
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Figure 4.16 Proportion of lesion length/root length at day 6, inoculated with freshly 
collected Brisbane Ranges Phytophthora cinnamomi isolates. Bar = SE 
 
 
Table 4.12 Analysis of proportion of length/root length in lupin seedlings inoculated with 
freshly collected Brisbane Ranges Phytophthora cinnamomi isolates. 
 
 ANOVA         
Source of Variation df Sum-of-squares Mean square F value P value 
Treatment (between columns) 10 2719 271.9 2.175 0.0619 
Residual (within columns) 22 2749 125.0   
Total 32 5468    
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4.3.5 Effect of single and multiple Phytophthora species infection on lesion and root 
length on lupin seedlings 
 
All isolate combinations produced lesions and restricted root length, whereas the control did 
not (fig. 4.17). There was a significant difference in lesion length among isolates and 
combinations (ANOVA table 4.13, F=3.173, P=0.0199) (fig. 4.18). For example, lesions with 
combination 2 (Isolate no. 2 - P. cinnamomi + Isolate no. 16 - P. niederhauserii) (fig. 4.17 F) 
(fig. 4.18) were greater than that with combination 8 (Isolate no. 10 - P. cryptogea + Isolate 
no. 10 - P. cryptogea) (fig. 4.17 I) (fig. 4.18) and also combinations 7 (Isolate no. 200.06 P. 
cinnamomi + Isolate no. 200.06 P. cinnamomi) (fig. 4.17 H) and 9 (Isolate no. 16 P. 
niederhauserii + Isolate no. 16 P. niederhauserii) (fig. 4.17 G) caused greater lesions than 
combination 8 (Isolate no. 10 - P. cryptogea + Isolate no. 10 - P. cryptogea).                                 
D
P. cryptogea (10)+ 
P. niederhauserii (16)
P. niederhauserii (16) +
P. niederhauserii (16)
G
P. cinnamomi (2) +
P. niederhauserii (16)
F 
P. cryptogea (10) + 
P. cryptogea (10)
I 
Control 
B
E 
P. cryptogea (762) + 
P. cinnamomi (2)
P. cinnamomi (200.06) + 
P. cinnamomi (200.06)
H
Inoculation
C
Re-isolation 
A
                     
Figure 4.17 Development of root lesions after inoculation of more then one Phytophthora 
species on lupins. A= Inoculation, B= Control, C= Re-isolation, D= P. cryptogea (10) + P. 
niederhauserii (16), E= P. cryptogea (762) + P. cinnamomi (2), F= P. Cinnamomi (2) + P. 
niederhauserii (16), G= P. niederhauserii + P. Niederhauserii, H= P. Cinnamomi + P. 
Cinnamomi, I= P. cryptogea + P. cryptogea  
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Figure 4.18 Lesions length at day 5 caused by presence of a combination of Phytophthora 
species and control on lupin seedling root. Bar = SE 
 
The numbers on the x-axis are the different Phytophthora species inoculated on lupins. (1) 
Isolate no. 200.06 P. cinnamomi + Isolate no.16 P. niederhauserii. (2) Isolate no. 2 P. 
cinnamomi + Isolate no. 16 P. niederhauserii. (3) Isolate no. 762 P. cryptogea + Isolate no. 16 
P. niederhauserii. (4) Isolate no. 10 P. cryptogea + Isolate no. 16 P. niederhauserii. (5) 
Isolate no. 762 P. cryptogea + Isolate no. 2 P. cinnamomi. (6) Isolate no.10 P. cryptogea + 
Isolate no. 200.06 P. cinnamomi. (7) Isolate no. 200.06 P. cinnamomi + Isolate no. 200.06    
P. cinnamomi. (8) Isolate no.10 P. cryptogea + Isolate no. 10 P. cryptogea. (9) Isolate no. 16 
P. niederhauserii + Isolate no. 16 P. niederhauserii. (10) Control – non-inoculated 
 
 
Table 4.13 Analysis of lesions at day 5 caused by combinations of different Phytophthora 
species on lupins. 
 
 ANOVA         
Source of Variation df Sum-of-squares Mean square F value P value 
Isolate combinations  
(between columns) 
8 70.52 8.815 3.173 0.0199 
Residual (within columns) 18 50.00 2.778   
Total 26 120.5    
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All combinations except combination 9 caused significant root restriction than control. There 
was also a significant difference in root length among combinations (ANOVA table 4.14, 
F=4.439, P=0.0041) (fig. 4.19). For example, combination 5 (Isolate no. 762 P. cryptogea + 
Isolate no. 2 P. cinnamomi) caused greater root restriction than combinations 7 (Isolate no. 
200.06 P. cinnamomi + Isolate no. 200.06 P. cinnamomi) and 9 (Isolate no. 16 P. 
niederhauserii + Isolate no. 16 P. niederhauserii). The was no particular trend observed in 
root restriction when lupin seedlings were inoculated with either a combination of 
Phytophthora species (e.g. combinations 1 - 6) or a single Phytophthora species 
(combinations 7 - 9).  
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Figure 4.19 Root length of lupins seedlings inoculated by a combination of Phytophthora 
species at day 5. Bar = SE 
 
The numbers on the x-axis are the different Phytophthora species inoculated on lupins. (1) 
Isolate no. 200.06 P. cinnamomi + Isolate no.16 P. niederhauserii. (2) Isolate no. 2 P. 
cinnamomi + Isolate no. 16 P. niederhauserii. (3) Isolate no. 762 P. cryptogea + Isolate no. 16 
P. niederhauserii. (4) Isolate no. 10 P. cryptogea + Isolate no. 16 P. niederhauserii. (5) 
Isolate no. 762 P. cryptogea + Isolate no. 2 P. cinnamomi. (6) Isolate no.10 P. cryptogea + 
Isolate no. 200.06 P. cinnamomi. (7) Isolate no. 200.06 P. cinnamomi + Isolate no. 200.06  P. 
cinnamomi. (8) Isolate no.10 P. cryptogea + Isolate no. 10 P. cryptogea. (9) Isolate no. 16 P. 
niederhauserii + Isolate no. 16 P. niederhauserii. 
 
 
Table 4.14 Analysis of root length of lupins seedlings inoculated by combination of 
Phytophthora species at day 5. 
 
 ANOVA         
Source of Variation df Sum-of-squares Mean square F value P value 
Isolate combinations  
(between columns) 
8 918.1 114.8 4.439 0.0041 
Residual (within columns) 18 465.3 25.85   
Total 26 1383    
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There was a significant difference among the lesion / root length ratio, with various 
combinations. (ANOVA table 4.15, F=3.219, P=0.0188) (fig. 4.20), in that, for example, 
combination 5 (Isolate no. 762 P. cryptogea + Isolate no. 2 P. cinnamomi) was more virulent 
and had a greater proportion of lesion / root length than combinations 7 (Isolate no. 200.06 P. 
cinnamomi + Isolate no. 200.06 P. cinnamomi), 8 (Isolate no.10 P. cryptogea + Isolate no.10 
P. cryptogea) and 9 (Isolate no. 16 P. niederhauserii + Isolate no. 16 P. niederhauserii).  
 
There was also no significant difference in lesion / root length ratio between two different 
isolates of the same species. For example, combinations 1 (Isolate no. 200.06 P. cinnamomi + 
Isolate no. 16 P. niederhauserii) and 2 (Isolate no. 2. P. cinnamomi + Isolate no. 16 P. 
niederhauserii) both had different isolates of P. cinnamomi (2 and 200.06) but did not vary in 
ratio. Also combinations 3 and 4 where both had different isolates of P. cryptogea but showed 
no difference in ratio (fig. 4.20). 
 
The percentage of lesion / root length for historic isolate was 28-54% (fig. 4.13), that of 
freshly collected isolates from Brisbane Ranges was 70-100% (fig. 4.16) and for the 
combinations with historic isolates of Phytophthora species was 42-44% for combinations 
with single Phytophthora species e.g. P. cinnamomi with P. cinnamomi, whereas it was 50-
59% for combinations with different Phytophthora species, e.g. P. cinnamomi with P. 
cryptogea (fig. 4.20). 
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Figure 4.20 Proportion of lesion on root at day 5 (different Phytophthora species)   
Bar = SE. 
 
The numbers on the x-axis are the different Phytophthora species inoculated on lupins. (1) 
Isolate no. 200.06 P. cinnamomi + Isolate no.16 P. niederhauserii. (2) Isolate no. 2 P. 
cinnamomi + Isolate no. 16 P. niederhauserii. (3) Isolate no. 762 P. cryptogea + Isolate no. 16 
P. niederhauserii. (4) Isolate no. 10 P. cryptogea + Isolate no. 16 P. niederhauserii. (5) 
Isolate no. 762 P. cryptogea + Isolate no. 2 P. cinnamomi. (6) Isolate no.10 P. cryptogea + 
Isolate no. 200.06 P. cinnamomi. (7) Isolate no. 200.06 P. cinnamomi + Isolate no. 200.06 P. 
cinnamomi. (8) Isolate no.10 P. cryptogea + Isolate no. 10 P. cryptogea. (9) Isolate no. 16 P. 
niederhauserii + Isolate no. 16 P. niederhauserii. 
 
 
Table 4.15 Analysis of proportion of lesion development at day 5 on the lupins when a 
combination of different Phytophthora species were inoculated on the same lupin. 
 
 ANOVA         
Source of Variation df Sum-of-squares Mean square F value P value 
Isolate combinations (between 
columns) 
8 763.0 95.37 3.219 0.0188 
Residual (within columns) 18 533.3 29.63   
Total 26 1296    
 
 
 
 
ab ab ab 
ab 
ab 
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a 
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4.3.6 Competition between Phytophthora species on carrot agar 
When P. cinnamomi was plated on both sides of the Petri plate (fig. 4.21 C), there was a 
complete intermingling of hyphae and no inhibition zone or restriction of growth was 
observed. The same was the case when P. niederhauserii was plated on both sides of the plate 
(fig. 4.21 E) and when P. cinnamomi and P. niederhauserii were cultured on the same Petri 
plate (fig. 4.21 F). However, a clear zone of inhibition and growth restriction was observed 
when P. cryptogea was grown with itself (fig. 4.21 B) or with P. cinnamomi (fig. 4.21 A) and 
with P. niederhauserii (fig. 4.21 D). Single cultures of P. cinnamomi and P. niederhauserii 
(fig. 4.22 D) showed characteristic chlamydospores at culture junction (fig. 4.22 F) but not 
single cultures of P. cryptogea (fig. 4.22 E). Combinations with P. cinnamomi (fig. 4.22 A, B) 
showed characteristic chlamydospores at culture junction. 
 
When the combinations of Phytophthora isolates were dual inoculated on to germinated lupin 
as described in section 4.2.6.1 (fig. 4.17) and pieces of infected roots and cotyledons were 
placed on to modified PARBH agar after 5 days, the Phytophthora species did not behave in 
the same way as observed on the Petri plates. For example, P. cryptogea, P. cinnamomi and                    
P. niederhauserii were re-isolated from throughout the infected lupin seedling roots from 
respective combinations. 
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Figure 4.21 Dual cultures of different Phytophthora isolates on carrot agar plates at day 
5. 
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Figure 4.22 Chlamydospore production at junction of paired cultures of Phytophthora 
isolates. Bars = 50 µm. 
P. cinnamomi (2) and  
P. cryptogea (762) 
P. cryptogea (10) and 
P. cryptogea (10) 
P. cinnamomi (200.06) and 
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4.4 Discussion 
4.4.1 Optimising detection of Phytophthora cinnamomi 
 
The results described in this chapter have shown that it is possible to optimise detection of P. 
cinnamomi by adopting combinations of methods already in the literature and adapting those 
from other Phytophthora species. Each of these is discussed in detail below. 
 
4.4.1.1 Sample collection 
The lack of a significant difference in the detection of P. cinnamomi among bulk sample, 
roots + litter and soil only sample suggests that separation of the sample after collection is not 
warranted. Bulk samples are also the easiest to collect and so most efficient. These results 
therefore support the assertion of Shearer and Dillon (1996) that bulk samples should be used 
rather than that of Davison and Tay (2005) with P. cinnamomi and Fichtner et al. (2005) with 
P. ramorum that only soil and not plant parts should be used. However it is difficult to 
separate fine roots and organic matter from soil, even by flotation, and the soil samples used 
here may have contained these. 
 
Erwin and Ribeiro (1996 and Ronald et al. (2007) also suggested that infectious material 
(chlamydospores, mycelium or zoospores) are equally distributed between soil and organic 
material and so collection of soil alone is equally valid. This has particular significance for 
quarries and after fire, where the top part of the plant hosts may be absent but some 
underground roots may still be alive, suggesting that the apparent absence of P. cinnamomi in 
the rooting zone by baiting immediately after a fire is due to inhibition by smoke water as 
well as a decline in the roots of susceptible hosts to below detectable levels (Chapter 2). 
Further research comparing samples in this manner is needed in different environments to 
optimise a standard method of collection. 
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4.4.1.2 Pre-treatment (moistening and incubation of soil samples) 
The increase in detection of P. cinnamomi suggests that pre-moistening and incubating the 
soil samples at 28°C for 2 days would significantly increase the chances of finding P. 
cinnamomi from soil samples. These results support the statement of Lutzs et al. (1991) and 
Timmer et al. (1988) for P. parasitica that recovery of the pathogen from soil increased when 
subjected to incubation. It also supports the finding of Scott et al. (2009) for P. multivora, 
where pre-moistening of soil samples before baiting increased its isolation.  
 
This is the first report suggesting that the pre-moistening and incubation treatment 
significantly increases the detection of P. cinnamomi. It is of particular importance for P. 
cinnamomi sampling in winter, when the number of P. cinnamomi propagules in soil is low 
and difficult to detect (Kinal et al., 1993) and would also allow researchers to sample all year 
round instead of confining sampling to spring or autumn when the environmental conditions 
are favourable for P. cinnamomi sporulation (Weste, 2003; Shearer et al. 2009). 
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4.4.1.3 Detection by baiting  
The lack of a significance difference between P. ferruginea leaves and E. sieberi cotyledons 
as baits suggests that either of them could be effectively used for detection of P. cinnamomi. 
These results support the use of E. sieberi (McDougall, 2002) and P. ferruginea (Reiter et al., 
2004) for detection of P. cinnamomi.  
 
Although the change of E. sieberi cotyledons from violet to pale yellow when infected is an 
easier way to detect infection, it can well be mistaken for infection by other common soil 
pathogens such as Fusarium and Pythium. It was easier to retrieve P. ferruginea leaves than 
E. sieberi cotyledons from the cups because after incubation, most of both baits had sunk and 
retrieving P. ferruginea leaves from soaked soil and soiled water was easier than retrieving E. 
sieberi cotyledons. The texture of cotyledons became water-soaked and soft, making it 
difficult to handle in the later stages such as surface sterilizing, rinsing and drying, whereas 
that of P. ferruginea leaves remained firm and easy to handle. Also P. ferruginea leaves were 
abundantly available from an on-campus bush all year round whereas E. sieberi cotyledons 
had to be grown freshly for every trial. 
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4.4.1.4 Media for diagnostic morphology 
 
V8-juice agar and carrot agar were the two media that produced diagnostic chlamydospores 
for P. cinnamomi, whereas the others did not. V8-juice agar has been successfully used by 
many researchers to isolate and study the growth of Phytophthora species (Chang and Shu 
1981; Guo and Ko 1993; Cecile and Desprez-Loustau 1998; Daniel et al., 2003; Drenth and 
Guest 2004; Schlenzing 2005; Bush, et al., 2006; Browning, et al., 2008; Horta et al., 2008) 
and these results support their findings. The results also support the use of carrot agar as a 
growth medium which has previously been used by several researchers (Honour and Taso, 
1974; Benson, 1984; Ersek and Bakonyi, 1997; Bernadovičová, and Juhásová 2006, 
Bezuidenhout et al., 2010). 
 
Though growth was recorded for cornmeal agar (CMA), chlamydospores of P. cinnamomi 
was not observed in this medium, suggesting that CMA could be used for storage purposes as 
for Phytophthora frigida and Phytophthora alticola (Maseko et al., 2007) but not for 
morphological identification of  P. cinnamomi as used in Donahoo et al. (2006) for 
Phytophthora foliorum. 
 
4.4.1.5 Summary of optimisation of Phytophthora cinnamomi detection 
 
The results produced here suggest that the optimum stepwise procedure for detection of P. 
cinnamomi is: 
1. Collection of a bulk sample containing soil + roots and litter 
2. Pre-moistening and incubation prior to baiting 
3. Baiting with P. ferruginea leaves or E. sieberi cotyledons  
4. Initial isolation onto modified PARBH agar 
5. Subculture onto V8 agar for identification of diagnostic morphology. 
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4.4.2 Testing the pathogenicity of collected soil samples on lupins (Lupin angustifolius) in 
pots 
 
The discrepancy between P. cinnamomi detection using baiting and growth of whole plants in 
pots with infested soil is puzzling. P. cinnamomi was not detected from roots of lupin 
seedlings sown in nine samples which were infested with P. cinnamomi by using the baiting 
method. P. cinnamomi was re-isolated from the roots of lupins growing in two soil samples, 
but no mortality or symptoms of infection were observed. This supports the findings of 
Crombie and Tippett (1990) and Huberli et al. (2000) that even though the soil or area is 
infested there is a possibility that infection cannot be detected. The results of this experiment 
suggest that detection of P. cinnamomi by direct planting of germinated lupins in infested soil 
is not an efficient method of detection.  
 
Artificial inoculation of soil was also questionable for testing of pathogenicity. Soil 
inoculation by a mixture of vermiculite and P. cinnamomi culture as suggested by Robin and 
Desprez-Loustau (1998) was not effective in determining the pathogenicity of P. cinnamomi 
on lupin seedlings.  
 
It is unclear as to why soil inoculation did not produce the desired results. Was P. cinnamomi 
inhibited by the potting mix or the presence of other organisms such as actinomycetes? 
Actinomycetes in the soil inhibit the growth and reduce the damage caused by Phytophthora 
and Pythium species (Filnow and Lockwood, 1985). The lack of growth could be due to 
growth inhibitors produced during autoclaving in the medium (Hall, 1959), given the lack of 
infection even when a large vermiculite-based inoculum was added to the sterile soil. This 
seems the most likely explanation for the lack of infection in sterile soil. There is another 
explanation - that the number of P. cinnamomi propagules in contact with the susceptible 
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roots is too low for detection, as suggested by Weste (1987) as an explanation for disease 
escape in sites previously reported as infested.  
 
 
4.4.3 Testing the pathogenicity and virulence of historic and freshly collected isolates on 
germinated lupins in Petri plates 
 
All historic isolates were pathogenic and significantly differed in length of lesion, root 
restriction and lesion / root length in germinated lupins, but no significant difference was seen 
among the fresh isolates from Brisbane Ranges soil samples. Isolate number 762, which is P. 
cryptogea, was also equally as pathogenic on lupins as were P. cinnamomi isolates. No 
particular trend in virulence was observed in relation to location and time of initial isolation in 
the historic isolates obtained from Victoria, even though Huberli (2001) showed the existence 
of variation in infectivity among Phytophthora isolates from the same location in Western 
Australia however location was not the factor responsible for this variation in this thiesis.  
 
The historic isolates had smaller lesions, less root restriction and less lesion / root length than 
the freshly isolated Brisbane Ranges isolates. Determining the virulence of stored isolates is a 
difficult task especially if information regarding the original pathogenicity and virulence of 
stored isolates is not available. Didier (2010) suggested that virulence for P. infestans isolates 
should be determined soon after the initial isolation, particularly if they need to be stored for 
future use as change in pathogenicity (Jeffrey et al., 1962), morphology and sporulation 
(Caten and Jinks, 1968) and virulence could occur over successive media transfer and storage. 
Results obtained in the experiment could be due to the long term storage, successive 
subculturing on to growth medium and unavailability of natural host plant. A well designed 
longitudinal study like the one conducted for P. infestans by Didier (2010) would help in 
understanding the change or loss of virulence, if any, in P. cinnamomi. The fact that this assay 
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on lupin showed the expected decline in virulence with time since collection suggests that the 
assay has been successful in measuring virulence. 
 
Such a lupin assay has previously been used by Walchhuetter (2002) for testing of 
pathogenicity, but this report signifies the use of lupin seedlings for testing virulence of P. 
cinnamomi isolates and those of other Phytophthora species in relation to age and origin of 
cultures in Victoria by using the lesion / root length ratio. Though there was no significant 
variation among fresh isolates, this method was successful in indicating variation in virulence 
between freshly collected and historic isolates and also individually among the isolates. 
Measuring lesion length was an effective means of determining the virulence of P. cinnamomi 
isolates, similar to that used by Shearer et al. (1987) for infected E. marginata roots. 
Virulence can be most adequately expressed by using the lesion / root length ratio, because it 
measures the spread of the pathogen as well as its effect on the growth, which has not been 
used previously. New species and pathotypes of Phytophthora are continuously being 
discovered (Scott et al., 2009; Didier, 2010), which makes it important to keep testing the 
virulence of freshly isolated cultures and comparing them with previous cultures in order to 
know the changes in virulence, if any, over generations of that same species and also among 
these newly discovered species.  
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4.4.4 Examining the effect when more than one Phytophthora species on same host 
(lupins seedlings) as well as on the same Petri plate in the dual culture method.  
 
The significant variation in damage among the Phytophthora species and combinations used 
as test inocula, particularly in one combination of P. cinnamomi and P. cryptogea where the 
lesion / root length ratio was significantly greater than that of inoculation with a single species 
alone. Some of the other combinations were not significantly different in lesion / root length 
from one other, but the experiment showed that two different species of Phytophthora can co-
exist in the same host and cause equal or significantly greater damage to the host than 
infection by a single species. This supports the statement by Wickland and Rizzo (2005) that 
although P. ramorum was solely responsible for Oak decline in California, P. nemorosa and 
P. pseudosyringae were also associated with the disease. Other species of Phytophthora can 
be found in the same location and host where P. cinnamomi has been isolated previously in 
Western Australia (Burgess et al. 2009). Given the presence of species other than P. 
cinnamomi in field samples in Victoria since 2004, the results of this assay suggest that such a 
combination could be even more destructive than P. cinnamomi alone. The assay is simple 
and easy to perform and so any species isolated could be tested in the same manner. However 
it is still a preliminary test and studies with the use of different susceptible host would be 
useful to have a better understanding. The purpose of this study was to compare between 
presences of different Phytophthora species and hence different isolates of the same species 
were used, for example isolates 10 and 760 were both P. cryptogea and isolate 2 and 200.06 
were both P. cinnamomi. Use of a single isolate for all combinations would have made this 
study and results more robust.    
 
The lack of overlap for paired cultures of P. cinnamomi and P. cryptogea (in vitro) as 
opposed to in lupin seedlings (in vivo) could be because they are both hemibiotrophs as well 
as necrotrophs (Davison et al., 1994; Takemoto et al., 2005) and perhaps grow differently 
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when their growth depends on cell death (Perfect and Green 2001 and Oliver and Ipcho 2004) 
caused by them in the lupin. Magan and Lacey (1985) demonstrated that a combination of two 
infective fungi such as Aspergillus and Penicillium species when plated together (in vitro) on 
agar suppresed each other’s growth or sporulation due to the production of inhibitory 
substances (Bartman et al., 1981) in that Penicillium brevicompactum was dominant over 
Aspergillus versicolor and Penicillium hordei but in vivo inoculation of the same fungal 
combinations on grains resulted in less isolation of P. brevicompactum than  A. versicolor and 
P. hordei. Magan and Lacey (1985) suggested that such a contrast in interaction could be 
because the inhibitory substances disperse more easily in agar than in food grain. Dix and 
Webster (1995) also reported that not always will the same antagonistic behaviour observed 
between cultures is replicated under natural conditions, which supports the results obtained 
with interaction of P. cinnamomi and P. cryptogea in cultures and on germinated lupin 
seedlings.  
 
4.4.5 Summary of assays for pathogenicity and virulence 
This study has shown that optimising P. cinnamomi detection can lead to greater sensitivity 
and hence detection. Also, assays using whole lupin in pots are not reliable for detection of P. 
cinnamomi or pathogenicity testing and baiting is a much preferable method. It has also 
shown that a lupin seedling assay in Petri plates can be reliably used to assay both 
pathogenicity and virulence in Phytophthora species isolated from Victorian soils, and that it 
could be used to test the importance of any new species isolated in future. The assay suggests 
that P. cryptogea and P. niederhauserii isolates are as virulent as P. cinnamomi, that 
combinations involving more than one Phytophthora species are significantly more virulent 
than single infections, and that this could influence disease progress in the field.     
 
 
 245
Chapter 5 
 
General discussion 
 
 
5.1 To investigate if P. cinnamomi was still present and active at sites previously 
reported as infected by Gretna Weste, following the drought, fire and regeneration 
in the past decade 
 
 
The study has shown that the nearly decade-long drought and increase or decrease in rainfall 
had no relationship to the presence of P. cinnamomi and that the presence or absence of 
susceptible host plants at particular site seems to be the most obvious factor for fluctuations in 
the level of P. cinnamomi in the soil and its detection. For example, the increase from 0 to 
50% in detection level after the post-fire regeneration at Geebung Track in the Brisbane 
Ranges National Park and Old Mt Slide Road site in Kinglake National Park confirms that P. 
cinnamomi survived the extreme dry period and the availability of hosts was responsible for 
P. cinnamomi resurgence. These results contradicts the suggestion of Weste (2003) that 
prolonged drought played a vital role in the decline of P. cinnamomi in Victoria, and answer 
an important question as to if rainfall was the sole factor, which was not the case.  
 
The study also found that wildfire or control burning does not eliminate P. cinnamomi from 
the soil and that fire and smoke-water probably destroys the inoculum in the top soil layers 
making it undetectable until sufficient regeneration occurs. The best example for this is that P. 
cinnamomi was not detected from most of the sites in Kinglake National Park when sampled 
6 months after the fires but was detected from all sites 17 months after the fire when there was 
abundant regeneration of host plants. This study highlights the fact that fire destroyed both the 
vegetation and P. cinnamomi inoculum in the top soil layer (Moritz and Odion, 2005), which 
is why it was not detected 6 months after the fire and its detection several months later 
suggests that P. cinnamomi survives the fire possibly in deeper soil layers (Podger, 1990) and 
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re-surfaces once sufficient regeneration has occurred (Shea et al., 1978; Tippett and 
Malajczuk, 1979; Shearer and Tippett, 1989; Keith, 1997 and Bluett et al., 2003).  
 
The results obtained from all sites studied from 2005 to 2010 where the pathogen is highly 
active shows that the regenerating susceptible plant species are clearly prone to infection 
provided there is the right environment for the pathogen to flourish. This supports Cahill’s 
(2008) suggestions that regeneration was possible because the environment was favourable to 
the plants and not to the pathogen and that chances of re-infection and death of these 
regenerating plants are greater if conditions become favourable for the pathogen again. It does 
not support Cahill’s (2008) statement that the reduction in disease could well be because of 
the fires. P. cinnamomi was detected from all previously reported infected sites, except at the 
Serra Road site in the Grampians National Park, Hut Road in the Brisbane Ranges National 
Park and at Lilly Pilly Gully car park (foothill of Mt. Bishop) site in the Wilsons Promontory 
National Park, suggesting that P. cinnamomi is actively present at most of the previously 
infected sites. The detection levels also increased from being <1% in 2000 (Weste 2003) to 
20-100% depending on the site. 
 
Paradoxical results were obtained at some test sites like Marshall Road, Hut Road and Eclipse 
Road sites in the Brisbane Ranges National Park; and Serra Road, and Syphon Road in the  
Grampians Ranges National Park, where regeneration of X. australis did not yield any 
Phytophthora-positive baits. It would be wrong to say that the regenerating plants are resistant 
as there are many environmental factors like soil moisture, rain and bush fires, that affect the 
level of pathogen inoculum at anyone particular site.  Constant surveying, testing and 
monitoring of these sites over the coming years would better explain the real status of the 
pathogen at these sites.  
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It is important in this longitudinal sampling to repeat the exact sampling location and method. 
The GPS records of all infected sampling sites from this study will allow future researchers to 
re-sample the sites at specific locations and determine the rate of spread. Various researchers 
have used this localised method of mapping based on single soil sampling to determine the 
extent of disease and spread (Daniel et al., 2006; Bluett et al., 2003; Wilsons et al., 1997). 
Weste (2003) and Cahill (2008) demonstrated the usefulness of setting-up permanent quadrats 
in the parks and monitoring them over a period to know the direction and extent of spread.  
 
The present outlook is that the pathogen is highly active at most of the sites in Wilson’s 
Promontory National Park and Kinglake National Park. Frequent visits of tourists at these 
sites will only increase the spread. Among them, the most prominent sites would be the Mt 
Oberon Summit, Telegraph Track and Mushroom Rock opposite Lilly Pilly car park at 
Wilsons Promontory National Park, sites which are frequently visited and in which the 
infection is along the walking tracks. Infection at all sites in the Kinglake National Park is 
mostly inside the forest and on mountain slopes away from the walking tracks but these sites 
are also at a higher altitude and any rainwater runoff will surely spread the disease down hill.  
 
This was the first study to show the inhibitory effect of smoke-water on P. cinnamomi. 
Commercially available smoke water is generally used for enhancing germination in nursery 
and native plants seeds. A concentration of 32% or more smoke water completely inhibited 
the growth and killed P. cinnamomi under laboratory conditions. Rainfall after the fires or the 
use of water to putout the fire would produce smoke-water, which would up to a certain extent 
inhibit or eradicate Phytophthora from the top soil (Wolkowskaja and Lapszin, 1962). The 
smoke-water solution could possibly be used as an effective control measure against P. 
cinnamomi.   
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It would be interesting to conduct large-scale field trials comparing the use of smoke-water 
against the extensive use of a phytotoxic chemical such as phosphite. Phosphite has been 
become the key component in the management strategy for P. cinnamomi around Australia 
(Podger et al., 1996; Department of Conservation and Land Management 2003). The 
drawback of using phosphite is that it has to be reapplied every 6-24 months depending on the 
vegetation and severity of the disease (Hardy et al., 2001) and also that it is phytotoxic to the 
plants (Pilbeam et al., 2000; Fairbanks et al., 2001; Fairbanks et al., 2002). The use of smoke-
water would be comparatively economical and also non-toxic to the plants. 
 
 
5.2 To study the historic culture collected by other researchers and find if all records of 
P. cinnamomi are truly of P.cinnamomi Or are misidentifications 
 
 
Following the reports of other and new Phytophthora species being found in Victoria (Reiter, 
pers. comm. 2004) and elsewhere in the world, this study investigated if other species had 
been found in Victoria previously and could explain some of the field results seen. Historic 
cultures were re-examined from various sources as they became available. Not all historic 
isolates obtained from various resources were P. cinnamomi. Some cultures were wrongly 
identified and species other than P. cinnamomi were also present among the previously 
collected cultures. Some of these isolates, when sequenced, were P. cryptogea, P. 
gonapodyides, and P. niederhauserii, Pythium undulatum and other Pythium species. 
Different Phytophthora species started appearing only after 2004 and most of the diversity 
was found in samples from Port Campbell Rifle Range. Inability to detect P. cinnamomi in 
2007 from this same site in the Port Campbell National Park could possibly be because the 
pathogens were no longer present in a detectable volume (Blowes 1980; Mcdougall 1996; 
Davison and Tay 2005). Cooke et al. (2007) stated that Phytophthora are seasonal and 
ephemeral organisms, they can be easily replaced by other micro-organisms and their 
population can surge from being undetectable to epidemic levels in a short period of time. 
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This emphasises yet again how important it is to have regular longitudinal sampling, as other 
species may easily be missed. 
 
These results confirm the findings of Smith et al. (2007) that other Phytophthora species are 
also present in Victoria and of Anonymous (2008) and Burgess et al. (2009) that re-
examination of previously collected cultures is essential to detect the presence of any 
unidentified Phytophthora species. The use of molecular methods (Drenth et al., 2006) was 
essential to detect these other species and its routine use would avoid any further 
misidentification. 
 
5.3 Standardising detection of Phytophthora cinnamomi 
 
Various methods of detection have been used for sampling, baiting and isolation of P. 
cinnamomi; O’Gara et al. (2005) strongly suggested the need for a standard and easy protocol 
for P. cinnamomi detection. This thesis provides an optimised easy to use standard protocol 
which not only efficiently detected P. cinnamomi but also increased the level of detection and 
eliminated the drawback of having to sample in particular seasons that favour P. cinnamomi 
detection.  
 
P. cinnamomi can be successfully detected by following four steps: collecting bulk samples, 
pre-moistening and incubation of these samples at 28°C for 2 days in dark, baiting with P. 
ferruginea or E. sieberi, initial isolation on modified PARBH agar and later subculturing on 
V8-juice agar or carrot agar for morphological identification. However incubation while 
baiting has been carried out differently by different researchers. Mcdougall et al. (2002) 
baited the sample in the dark with little light during the day time, whereas Cahill and 
Hardham (1994) baited the samples on lab bench providing equal light and dark periods. 
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Although incubation in this thesis was carried out in the dark, it would have been useful to 
study the effect of dark and light period during incubation on recovery of P. cinnamon.  
 
This avoids the tedious task of sample separation by using bulk samples, instead of specific 
materials such as only soil as suggested by Davison and Tay (2005) and Fichtner et al. (2005). 
It also validates the treatment of pre-moistening (Scott et al., 2009) and incubation of soil 
samples before baiting (Lutzs, et al. 1991 and Timmer et al., 1988). Although described 
originally for the detection of P. parasitica it was also effective in increasing the level of 
detection of P. cinnamomi. This finding helps in conducting P. cinnamomi sampling all year 
round instead of just in autumn and spring as suggested by earlier researchers (Mark et al., 
1975; Shearer and Tippett, 1989 Weste, 2003; Shearer et al., 2009). Successful use of the 
traditional baiting method with P. ferruginea and E. sieberi validates the suggestion of Cooke 
et al. (2007) that it is one method by which one can tests the pathogenicity of a pathogen on a 
live host and its isolation from the bait proves its pathogenicity as well as providing a culture 
for further characterization. However it should also be noted that stream baiting using variety 
of different baits is yielding huge number of new Phytophthora species which have not been 
identified from soil sample adjacent to sick or dyeing plants (Hwang et al., 2009). It should 
also be considered that with significant number of new Phytophthora species now being 
isolates and the lake of knowledge about their pathogenicity, it could well be possible that not 
all that are recovered by stream baiting are aggressive and important pathogens; some could 
just be saprophytes that infect the baits. Further research on pathogenicity and host 
susceptibility would give us a better understanding about the impact these new species would 
have. The growth of characteristic coralloid mycelium and chlamydospores observed on V8-
juice agar and carrot agar proved that these media can be efficiently used in diagnostic study 
of P. cinnamomi, though morphologically characteristic cultures should still be confirmed by 
molecular methods, even if only on random samples in each batch.  
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5.4 Testing the pathogenicity and virulence of historic and freshly collected isolates of 
Phytophthora species from Victoria. 
 
The study showed that there was a difference in pathogenicity and virulence among the 
individual historic isolates but it was not specific to location or initial time of isolation of 
these isolates and signifies the importance of plant passaging the isolates before pathogenicity 
testing. It also demonstrates a method for showing that cultures lose their virulence over long-
term storage and frequent sub-culture on nutrient rich media (Huberli 2001). Fresh isolates of 
P. cinnamomi collected from different national parks species were clearly pathogenic and 
more virulent, and did cause larger lesions than historic isolates, when tested on lupin 
seedlings. More importantly, this study showed that more than one species of Phytophthora 
can co-exist in the same host without inhibiting the other’s growth and the combination 
resulted in increases in virulence, supporting Jung et al. (2005)’s finding that a combination 
of Phytophthora species in the same host can lead to increase in disease. It would be 
necessary to carry this investigation further particularly at sites in which more than one 
species of Phytophthora is found to monitor the effect on the host plants and map the 
locations of each pathogen.  
 
5.5 Future risks and effect of climate change 
P. cinnamomi was originally isolated as a tropical plant pathogen (Rands, 1922; Hardham, 
2005) and any warming of climate would possibly favour its spread. Climate is considered a 
very important element in the life cycle of P. cinnamomi and of disease in the surrounding 
vegetation (Niewand et al., 1995). Weste (2003) suggested long-term monitoring of the 
pathogen and disease areas, as any climatic change in the future that favoured the pathogen 
would result in an increase in the vigour and distribution of P. cinnamomi. Factors like the 
amount of rainfall, increase in temperature, change in the physiology of the plant and 
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unpredictable seasonal changes are expected to have a profound effect on the distribution of 
P. cinnamomi (Cahill et al., 2008). With increases in global warming, more disease is 
expected to appear because it will favour the survival of the pathogen and the pathogen will 
adapt faster to the environment then the plants (Harvell et al., 2002; Logan et al., 2003; 
Bergot et al., 2004). Bergot et al. (2004), in their studies on expansion of oak disease caused 
by P. cinnamomi, suggested that with the change in global climatic patterns, more areas will 
become favourable for P. cinnamomi and disease will spread eastwards in the coming century.   
 
Changing patterns such as drying of southern coastal areas, higher mean temperatures and 
more frequent summer cyclonic events at higher elevations on the eastern and western coasts 
of Australia (CSIRO 2007; BOM 2007) will  play a major role in exposure of Australian 
vegetation to P. cinnamomi attack (Cahill et al., 2008). An increase in temperature of 1-5ºC 
by 2070 (CSIRO 2007; BOM 2007) will probably result in spread of P. cinnamomi in areas 
where it was not present earlier in Australia (Cahill et al 2008). For example the alpine 
regions in Victoria where the incidence of P. cinnamomi is less due to the cold weather and 
increase in temperature will lead to an increase in disease spread. 
 It is also important to take into consideration the effect of sudden changes in environment 
brought about by extreme weather like floods, bushfires and frost in determining the 
occurrence and spread of P. cinnamomi disease in Australia (Chakraborty et al., 1998; 2000). 
With climate change, increase in the frequency and intensity of wildfires are predicted in the 
south-eastern Australia. This is liable to lead to a shorter cycle than previously of host 
regeneration and decline due to revival of P. cinnamomi. 
 
This work answers question of why the P. cinnamomi detection rate declined occurred in the 
major Victorian National Parks and relates the role of fire with filling the gap in information 
regarding it effect on P. cinnamomi presence in Victoria. It also provides an effective method 
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of detection and possibly a new means of managing P. cinnamomi by the use of eco-friendly 
smoke-water. It is a step further in the history of P. cinnamomi in Victoria and proof that 
other species of Phytophthora are present which are equally pathogenic as P. cinnamomi. 
 
5.5.1 Future research  
• It would be a mistake to cease the study of P. cinnamomi in Victoria at this point 
saying that it is declining and that only a few incidences of disease out breaks have 
been registered in recent years. Long-term monitoring and use of specific models to 
predict the spread will help in determining the extent of disease spread and controlling 
further spread to uninfected areas. 
•  A site specific study which includes a long term study with continuous successive 
sampling possibly every fortnight or every month, or immediately after the seasonal 
rainfall, at different interval after the fires (if possible by control burning on site) and 
also at different depths along with measuring the rainfall, soil and air temperature for 
that site would provide a complete picture of how the pathogen is behaving throughout 
the year. 
• It would also be of great help to examine the effect of smoke water on different 
growth stage of P. cinnamomi in lab and carry out an onsite drenching of known 
infested site with smoke water, to study if it does effect the growth and sporulation of 
the pathogen under natural environment?  
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